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RESUMO 
O Brasil é o terceiro maior produtor e primeiro exportador de carne de aves do 
mundo.  A bactéria Escherichia coli patogênica para aves (APEC) é responsável por perdas 
econômicas significativas nesta multi milionária indústria, causando infecções sistêmicas ou 
localizadas conhecidas coletivamente como colibacilose. Apesar de sua importância, os 
mecanismos de virulência destes patótipo não foram, ainda, totalmente elucidados. Portanto, 
neste trabalho, o nosso objetivo foi estudar genes, que poderiam estar potencialmente 
envolvidos na patogenicidade de uma linhagem APEC, isolada de uma galinha que apresentava 
sinais clínicos da síndrome da cabeça inchada (SCI-07; O não tipável: H31). Dois genes yadC 
e yicS, que  estavam sob seleção positiva, foram escolhidos para serem deletados e suas 
contribuições para vários fenótipos relacionados ao processo de patogênese, avaliadas. Para 
isso, as linhagens mutantes e complementadas foram comparadas com a linhagem selvagem em 
vários testes, tais como mortalidade, motilidade, ensaios de sobrevivência de macrófagos, 
adesão e invasão. A linhagem ΔyadC mostrou uma menor capacidade de aderência em células 
epiteliais humana (HeLa) e reduzida capacidade de invasão de células Hep-2, bem como 
diminuição da capacidade de sobrevivência em macrófagos de origem aviárias (HD11 células). 
Esta linhagem mutante também níveis reduzidos de mortalidade e apresentou capacidade 
reduzida na infecção sistêmica. A linhagem ΔyicS apresentou  diminuição do nível de invasão 
em CEC-32 e em Hep-2, motilidade reduzida e uma menor capacidade de formação de biofilme. 
Este mutante apresentou, também, uma diminuição na mortalidade e uma diminuição do 
número de bactérias recuperadas no teste de infecção sistêmica. Considerando os resultados 
obtidos neste trabalho é possível concluir que estes genes contribuem e são importantes para o 
processo de infecção e  patogenicidade da linhagem SCI-07. 
Palavras-chaves: Escherichia coli patogênica para aves (APEC), Síndrome da cabeça inchada, 
patogenicidade, deleção gênica, yadC, yicS. 
 
 
 
 
 
 
 
 
  
 
ABSTRACT 
Brazil is the third largest producer and first exporter of poultry meat worldwide. 
Avian Pathogenic Escherichia coli (APEC) is responsible for significant economic losses in 
multi-million dollar in the industry, by causing systemic or localized diseases collectively 
known as colibacillosis. Besides its importance, the virulence mechanisms of these pathotypes 
have not been fully elucidated yet. Therefore, in this work, our aim was to study genes, which 
could be potentially involved in the pathogenicity of an APEC strain isolated from a chicken 
presenting clinical signs of Swollen Head Syndrome (strain SCI-07; nontypeable O: H31). Two 
genes yadC and yicS, which were demonstrated under positive selection, were chosen to be 
deleted and their contribution to several phenotypes related to pathogenesis process were further 
evaluated. For this, the mutated and complemented strains were compared to the wild type strain 
in several tests, such as mortality, motility, survival in macrophage, adhesion and invasion 
assays. The mutant ΔyadC showed a decreased adhesion capacity in human epithelial (HeLa 
cells) and reduced ability in invasion to epithelial cells (Hep-2 cells) as well as decreased 
capacity of survival in avian macrophages (HD11 cells). The mutant also reduced mortality 
levels, as well as a reduced ability in the systemic animal infection experiment. The mutant yicS 
showed a decreased invasion level in CEC-32 cells and Hep-2 cell, reduced motility and a lower 
capacity of biofilm formation. This mutant also presented a decrease in mortality in one-day 
old-chicks model and systemic infection experiments. Taken together, these results indicate that 
these genes contribute to the infectious process and are important for the pathogenicity of strain 
SCI-07. 
Keywords: Avian pathogenic Escherichia coli (APEC), Swollen Head Syndrome, 
pathogenicity, gene deletion, yadC, yicS. 
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1. INTRODUCTION 
 
Brazil is the third largest global producer of chicken meat and its derivatives. The 
total chicken meat production is approximately 12 million tons per year. This chicken industry, 
directly or indirectly, involves up to 3.5 million of jobs (ABPA report, www.uba.org.br). It also 
provides a source of inexpensive and high biological quality proteins for Brazilian population 
and contributes approximately to 1.5% of the gross domestic product (GDP). Brazil is the major 
exporter of chicken meat worldwide, to over 150 countries, accounting for 42% of total sales 
in the international market (Matter et al., 2011). The evolution of modern growth techniques 
such as a high-density rearing production, use of genetically improved chicken races and 
optimized feeding processes became this industry highly efficient and profitable. Despite all of 
these advantages, many pathogens, including virus, bacteria and fungi, may be responsible for 
high morbidity and mortality rates in chickens (Gross, 1991). 
Among all pathogenic bacterial strains that are responsible for diseases in chickens, 
avian pathogenic Escherichia coli (APEC) is one of the main causes of morbidity and mortality 
(Dho-Moulin & Fairbrother, 1999).  
E. coli is a rod shaped, Gram-negative, facultative anaerobic bacterium that belongs 
to the Enterobacteriaceae family and  is considered a normal intestinal inhabitant of humans 
and animals (Drasar & Hill, 1974). Besides that, there are some E. coli strains, which are 
originated from pathogenic clones that act as pathogens for healthy humans and other animal 
species (Nataro & Kaper, 1998).  
APEC infections are collectively known as colibacillosis, a group of infectious 
diseases that initially affects the respiratory system and subsequently spreads to other internal 
organs (Mellata et al., 2003). It is responsible for severe economic losses worldwide due to 
decrease in egg production, increase in carcass condemnation and higher mortality (Barnes et 
al., 2008; Ron, 2006). The infectious process is, generally, initiated by predisposing agents such 
as respiratory virus or bacterial infections, nutritional deficiencies and other environmental 
factors, such as dust and contaminants in the bird's houses (Gross, 1994).  
The infection of birds may occur via the eggshell, navel of newborn chicks and 
digestive tract, due the contact with contaminated feaces and the inhalation of contaminated 
dust. Apart from the control of environmental conditions such as humidity, ventilation and 
chlorination of drinking water, prevention of APEC infection usually relies on antibiotic 
therapy (Niu et al., 2012). The extensive use of antibiotics created an increase in the level of 
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avian E. coli resistance to antibiotics (Zhao et al., 2005), which can be transferred to Human 
Extraintestinal pathogenic E. coli (ExPEC) strains. The possibility about the rising of multidrug 
resistance strains which potently can reach human beings claims from public health policies 
against the use of antibiotics in food animal production (Niu et al., 2012), and creates an urgent 
need of vaccine strains presenting common antigenic epitopes to several  APEC serogroups.    
 
1.1 Colibacillosis  
APEC can cause several types of infectious processes in poultry, such as, 
colisepticemia (acute septicemia), coligranuloma (Hjarre’s disease), chronic respiratory disease 
(CRD), avian cellulitis, swollen head syndrome (SHS), peritonitis, salpingitis, osteomyelitis, 
synovitis, omphalitis and panophthalmitis (Dho-Moulin & Fairbrother, 1999; Barnes & Gross, 
1997). Colibacillosis is an infectious disease, present in poultry flocks all over the world. Birds 
between the 2 and 12 weeks of age are usually affected by the colibacillosis, with most losses 
occurring around 4 and 9 weeks of age. The first signs of colibacillosis are the decline in food 
consumption, which is followed by the birds appearing listless (lack of energy) and staining 
(dirty mark or patches) about dejectedly/gloomy with ruffled feathers. The head and neck of 
affected birds may be drawn into their bodies. Affected birds develop labored rapid breathing, 
gasping or sign of respiratory distress. 
Colisepticemia is the most important disease caused by APEC strains. It is most 
commonly initiated in the upper respiratory tract due to primary infectious disease such as 
bronchitis or mycoplasma infection and often related with the immunosuppressive diseases in 
chickens or in young birds that are immunologically immature. These primary infections are 
considered to be responsible for the lack of cilia in the upper respiratory cells what would 
facilitate the initial adherence and aftermost APEC infection process. The inhalation of 
contaminated dust and ammonia that are present in the growth animal environment could also 
favor the process of infections (Nagaraja et al., 1984). This disease is basically characterized 
by the green liver, a marked splenomegaly and congested muscles and usually occurs among 
birds with 2 to 12 weeks of age. The mortality rate due to acute septicemia is often more than 
20% in birds of 4 to 9 weeks of age (Dho-Moulin & Fairbrother, 1999). 
The coligranuloma (Hjarre’s disease) usually occurs as the cause of sporadic death 
in adult chickens and turkeys, often characterized by lesions that resemble multiple granulomas 
in the intestinal tract, mesentery and in the liver, but not in spleen (Barnes & Gross, 1997).  The 
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coligranuloma is an uncommon form of systemic colibacillosis that occurs occasionally in 
individual birds, but can cause mortality as high as 75% when a flock is infected with this 
disease (da Silva et al., 1989).  
Chronic respiratory disease (CRD) a condition known as "air sac disease" is a 
problem in young chickens and turkeys. The disease reduces egg production, cause coughing, 
nasal and ocular discharge, slow growth, leg problems, stunting, inappetence, reduced 
hatchability and chick viability, occasional encephalopathy and abnormal feathers. Mortality 
due to CRD is negligible, but it is critical because it predisposes the birds to infection for other 
diseases. The route of infection is via the conjunctiva or upper respiratory tract with an 
incubation period of 6-10 days. Air sac infections are very common in chickens 4-9 weeks of 
age, causing economic losses related to morbidity, mortality, and carcass condemnations 
(Gross, 1994). 
Cellulitis is an inflammation of the subcutis that extends beneath normal skin. 
Cellulitis is rare in mammals but relatively common in birds. In broilers, APEC strains are 
associated with cellulitis that is characterized by a necrotic dermatitis of the lower abdomen 
adjacent to the vent region and over the thighs of broilers (Dho-Moulin & Fairbrother, 1999). 
The lesions associated with cellulitis causes great loss in the avian industry due to carcasses 
condemnation (Elfadil et al., 1996).  
Swollen head syndrome (SHS) is a severe and complicated infection of the 
periorbital and adjacent subcutaneous tissues of the head in broilers, broilers breeder and 
commercial layers (Morley & Thomson, 1984; Nunoya et al., 1991). This disease presents acute 
and subacute forms, which was described for the first time in South Africa associated with E. 
coli and coronavirus infection (Morley & Thomson, 1984). The disease starts with initial 
sneezing, followed by reddening and swelling of the tear ducts and eye tissue. The facial 
swelling spreads over the head and down the jaw and wattles. This disease causes significant 
decrease in egg production, causing mortality 1% to 3% in laying hen. In the broilers, where 
nasal discharge, depression and subcutaneous edema are observed, the mortality rate is around 
up to 5% and may reach 30% in severe cases (Gross, 1991; Drowal & Woolcock, 1994).   
Peritonitis is the inflammatory reaction of peritoneum caused by the presence of 
yolk material in the body cavity. The infection occurs when bacteria ascend through the oviduct 
to the peritoneal cavity (Barnes & Lozano, 1994). Since yolk is an excellent growth medium 
for bacteria, peritonitis may result from secondary bacterial infection leads to secondary ascites 
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and organ inflammation and cause morbidity, mortality and reduced egg production in the 
affected flocks (Zanella et al., 2000) 
Salpingitis is an inflammation of the oviduct, usually occurs in laying and breeding 
hens when the left abdominal air sac is infected with APEC. Infection may spread downwards 
from an infected left abdominal air sac, or may proceed upwards from the cloaca. Systemic 
viral infections that cause ovarian regression or damage to the oviduct or cloaca are especially 
prone to increasing salpingitis in chickens. Infected birds often die within a month and survivors 
rarely lays eggs resulting in significant mortality to young poultry (Gross, 1994). 
Osteomyelitis and Osteonecrosis/Synovitis (inflammation of joints) are 
characterized by the colonization of the physes of growing bones and provoke an inflammatory 
response that further cause osteomyelitis. Affected joints are often swollen with fibrinous or 
caseous exudate/necrosis (Maurer et al., 1998c). The lesions are a common consequence to E. 
coli septicaemia. Clinically it is characterized by lameness, prolonged lying down, dehydration 
and slow growth rate. Affected birds have lack resistance power to compete with and to 
completely clear bacteria from their body. The mortality rate due to this disease is found often 
high (Bayyari et al., 1997).  
Omphalitis is an inflammation of the navel (umbilicus) that fails to close, producing 
a wet spot on the abdomen. The most important source of infection is unsanitary equipment in 
the hatchery and fecal contamination of eggs. Yolk sac infections also can result from 
translocation of bacteria from the chick’s intestine or from the bloodstream. Swelling, edema, 
redness, and possibly small abscesses characterize acute inflammation of the navel. The 
abdomen is distended and blood vessels are hyperemic. In severe cases the body wall and 
overlying skin undergo lysis and are wet and dirty. Omphalitis is one of the main causes of 
mortality in newly hatched chicks (Rahman et al., 2007). The affected chicks manifest 
depression, drooping of the head and huddling (Kahn et al., 2008). Mortality often begins at 
hatching and continues to 10–14 days of age, with losses up to 15% in chickens and up to 50% 
in turkeys. 
The prevention of the above described E. coli infections can be only minimized by 
several preventive practices, as follows:  controlling of environmental contamination in order 
to avoid predisposing respiratory infections; reduce intestinal contamination by pathogenic 
serotypes; the reduction of the transmission; reduced by maintaining mycoplasma-free birds; 
by discarding eggs that are cracked or those with obvious fecal contamination and by 
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controlling the environmental parameters such as humidity, ventilation, dust and ammonia from 
the air.  
 
1.2 APEC as a zoonotic risk 
 Several studies have shown that there is a strong positive correlation of several 
characteristics between APEC and human ExPEC strains (Johnson et al., 2008a; Johnson et al., 
2007). DNA sequencing of the complete genome of an APEC strain serotype O1:K1:H7 (APEC 
O1) revealed that it is closely related to ExPEC strains associated with human urinary tract 
infections as well as neonatal meningitis-associated E. coli (NMEC) (Ewers et al., 2007; 
Johnson et al., 2008b; Moulin-Schouleur et al., 2007) and suggests that APEC strains may pose 
a possible zoonotic risk.  
The common existence of virulence-associated genes, similar disease patterns and 
phylogenetic background between APEC and  uropathogenic Escherichia coli (UPEC)  strains 
define a close genetic relationship between both pathotypes (Kaper et al., 2004). A study 
conducted by Zhao et al. (2009) described that strains UPEC U17 and APEC E058 present 
similar virulence gene profile, i.e., 20 similar virulence out of 37 tested genes. By contrast, 
strain EHEC 933 contained only six sharing genes among the 37 genes tested, and E. coli K-12 
possessed only five sharing genes among the 37 tested genes. Moreover, some data provided 
convincing evidence that APEC may be linked to human ExPEC. For example, ExPEC strains 
of serogroups O18 that are frequently isolated from neonatal meningitis and septicemia 
(Achtman et al., 1986), possess common virulence factor K1 capsule which plays a major role 
in circumventing host defenses (Bingen et al., 1998). The same O18:K1 serotype may also be 
isolated from avian colibacillosis (Blanco et al., 1998). Comparably the virulence factor IbeA, 
which is involved in human neonatal meningitis, has been shown to be preferentially associated 
with O18:K1 APEC strains (Germon et al., 2005). Although, the comparison between O18 
APEC with human ExPEC has not been presented the extensive study about it, the genetic 
properties of O18:K1 strains of avian origin can allow the hypothesis that they could be a source 
for human contamination.  
The PCR-based phylotyping and multi-loci sequence analysis indicated that APEC 
strains of serogroups O1:K1, O2:K1 and O18:K1 belong to the same highly pathogenic clonal 
group as human E. coli serotypes isolated from the cases of UTI, neonatal meningitis and 
septicemia (Johnson & Russo, 2002; Moulin-Schouleur et al., 2007). Further, numerous iron-
related genes were found to be upregulated in the human urinary tract infection (UTI) model 
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and similarly in a chicken challenge model, indicating that iron acquisition is essential for E. 
coli to survive in both, blood and urinary tract (Zhao et al., 2009).  
The multilocus sequence typing indicated that there is a prominent overlapping 
between APEC ST95 and human ExPEC ST23 clonal complexes (Johnson et al., 2008b). 
Additionally, it was seen by PFGE technique that the E. coli from the retail chicken and human 
UTI could share very close presentations on PFGE (Vincent et al., 2010). Although these data 
provides vigorous evidence that support the assumption that APEC contaminated poultry could 
be a source for human zoonosis, this hypothesis is still debatable (Maluta et al., 2014a) even 
though it has been demonstrated that APEC strain could induce  fluid accumulation in the gut 
of mammals (Maluta et al., 2014c) .  
Based on these results, the UPEC and APEC might show similar modifications for 
an extraintestinal lifestyle that would enable APEC to cause foodborne disease in human and 
act as a source or as a reservoir of virulence and resistance genes for human ExPEC.  
 
1.3 APEC’s virulence factors  
APEC has the capacity to express several virulence factors/genes such as adhesins, 
surface antigens (somatic Lipopolysaccharide, K-Capsular polysaccharide and H Flagella 
protein), antibiotic resistance genes, colicins, siderophores, hemolysins, enterotoxins, serum 
resistance and cytotoxins (Maluta et al., 2014c; Mellata et al., 2003; Schouler et al., 2012). 
Genomic variations present in this pathotypes are responsible for a range of virulence level 
among the strains. Until now, no single virulence factor has been described to be specifically 
associated to APEC and the final virulence would be the sum of expression of multiple 
virulence characteristics (Maturana et al., 2011). Thus the virulence factors from APEC strains 
can be present in many combinations, distributed along the chromosome or virulence plasmids 
(Barnes et al., 2008; Mokady et al., 2005).  
The O antigen or somatic antigen is a part of the lipopolysaccharide layer and 
known as endotoxin. It is released when the bacterial cell disintegrates. It consists of a 
polysaccharide-phospholipid protein resistant to boiling. The most identified APEC isolates 
that cause diseases in poultry usually belong to O serogroups O1, O2, O8, O15, O18, O35, O78, 
O88, O109, O111, O115, O124 and O128 (Gross 1994). Among of them, O1, O2 and O78 
serogroups are the three most frequently recovered serotypes from the colibacillosis all over the 
world, representing 15-61% of the total number of isolates in the entire group (Dozois et al., 
1992),  but the most isolated serotypes from Brazilian poultry was the serotype O6 (Knöbl et 
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al., 2006; Knöbl et al., 2012). Also, in Brazil, nontypable strains represent the most significant 
part of the isolated pathogenic strains (Maluta et al., 2014a)  
The K antigens or capsule, on the bacterial cell surface containing N-acetyl 
neuraminidic acid are well known to prevent opsonization and phagocytosis. It is also able to 
interact with C3 to C3b activators in the classical and alternative complement pathways and 
block the bactericidal effects of the complement (Jann K. & Jann, B.J., 1977). The K I capsular 
antigen is frequently associated with serogroups O2 and O11 and are also often present on 
nontypeable serogroups of pathogenic APEC strain (Gross, 1991). 
Colicins are protein in nature that is expressed by E. coli. Colicins are considered 
antibiotics that prevent the growth of bacteria of the same or other closely related species in the 
medium in which its producing strain is growing. They are composed of two components: one 
of them provokes bacterial cell lesion and the other one protects bacterium against their own 
colicins (Hardy, 1975). Genes located in large plasmids can encode colicins and because of this 
they are called as Col plasmids. Large colicin plasmids are found primarily in virulent 
septicemic E. coli strain and seem to be a characteristic marker for APEC. The most prevalent 
expressed colicins by APEC strains are mainly Ia, Ib, E1, E2, E3, I, K, B and V (Fantinatti et 
al., 1994; Silveira et al., 2002).  
According to Wray and Woodward (1997) most APEC strains harbor colicin V 
plasmids (ColV) and contain other pathogenicity related genes such as adhesins, siderophores, 
capsules and toxins (Johnson et al., 2003; Valvano, 1992). Further, Skyberg et al., (2008) 
discussed the virulence ability of this plasmid and suggested that ColV plasmids would be 
involved APEC’s pathogenicity.  
Mellata and co-workers (2003) demonstrated a strong correspondence between the 
serum resistance and the virulence genes present in APEC strains and also revealed that serum 
resistance is one of the main pathogenicity mechanisms of APEC strains. The virulence factors 
that were mostly seen to facilitate bacterial resistance to serum of internal organs of infected 
chicken, was O78 lipopolysaccharide of E. coli χ7122 and the K1 capsule of E. coli MT78 
(Mellata et al., 2003). The iss (increased serum survival) gene, which was identified in APEC 
pColV-I-K94 plasmid is also involved in resistance to host serum (Bins et al. 1979). Also, iss 
is found in a high percentage of disease-causing E. coli strains rather than the commensal ones 
and it is supposed to be found on a large colicin V-producing R plasmid (Maurer et al., 1998a). 
Furthermore, Pfaff-McDonough et al. (2000) suggested that the Iss factor is associated with 
APEC pathogenicity. The existence of iss gene in conjugative Col V plasmid can intimate the 
relationship of Iss factor to the APEC pathogenicity (Johnson & Russo, 2002).  
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The ability of APEC strains to survive and growth with low iron availability inside 
the host organism occurs because of the expression of iron acquisition systems (Dho & Lafont, 
1984). The iron acquisition system comprises two types of siderophores (act as ion chelants), 
fenolates and hidroxamate. Aerobactin is a hidroxamate siderophore that can be encoded by 
plasmidial genes or by genes located in chromosomal pathogenicity islands (Gibson & Magrath, 
1969; Johnson et al., 2006; Kariyawasam et al., 2006; Sabri et al., 2006). 
Further, Dho & Lafont (1984) found a positive correlation between low iron 
concentration, APEC growth ability and the lethality capacity to one-day-old chickens and 
subsequently established that this was happened due to the expression of aerobactin. Also, it 
was found that pathogenic APEC strains expresses iron uptake systems while non-pathogenic 
strains do not express (Dozois et al., 1992; Emery et al., 1992; Linggood et al., 1987; Silveira 
et al., 2002).  Additionally, yersiniabactin uptake (fyuA) and iron-repressible protein (irp2) were 
found in higher frequencies among APEC strains isolated from the cases of avian colibacillosis 
(Karch et al., 1999; Pelludat et al., 1998; Schubert et al., 1998). Genes associated with another 
iron acquisition systems, such as iucA and fepC genes, were also found among APEC strains 
(Okeke et al., 2004). Furthermore, it was identified a sitABCDE iron acquisition system in 
strain χ7122 APEC that was homologous to Salmonella enterica sitABCDE system (Sabri et 
al., 2006; Sabri et al., 2008). In strain χ7122, the sitABCDE system works as an iron and 
manganese transporter and when it combines with other iron uptake systems, it can contributes 
to iron acquisition (Sabri et al., 2006).  
E. coli strain can also be able to produce hemolysin, which is a cytolytic protein 
that causes lysis of erythrocytes. Its hemolytic activity increased the amount of free Fe+2 ions 
that can promote the bacterial growth (Emery et al., 1992). The most prevalent hemolysins in 
APEC are hemolysin E (hlyE) and temperature sensitive haemagglutinin (tsh) (Ewers et al., 
2003) . 
The tsh gene codes for a mannose-resistant haemagglutinin (Tsh) which is better 
expressed at 26°C by APEC strains, and repressed at the temperature of 42°C, this phenomenon 
was later called as temperature sensitive hemagglutination. The tsh gene was present in 46% of 
the clinical isolates of avian origin, but was absent in the non pathogenic ones (Maurer et al., 
1998b). A study done by Dho-Moulin et al. (1997) demonstrated that among the tsh positive 
isolates, the percentages of pathogenic isolates (90.6%) was greater than that of non pathogenic 
isolates. In another study it was found that the tsh gene was prevalent in more than 50 % of 
APEC, 4.5 % of UPEC and 11.5 % of NMEC isolates tested. Furthermore, it was seen that 
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among tsh positive examined strains, tsh was always located in high molecular weight plasmids 
linked to ColV plasmids frequently found in APEC strains. It was also described that the 
purified Tsh secreted domain is capable of adhering to red blood cells, hemoglobin, and the 
extracellular matrix proteins fibronectin and collagen IV (Ewers et al., 2007; Kostakioti & 
Stathopoulos, 2004). Further, Dozois et al. (2000) suggested that Tsh contributes to the 
development of lesions and fibrin deposition in the air sacs of the birds, and increases the rate 
of bacterial colonization in the chickens. On the basis of involvement of Tsh in APEC 
pathogenicity, Ewers et al. (2004) proposed a model to use the tsh gene as a molecular marker 
to detect APEC strains.  
One of the most important steps to establish an APEC infection is the expression of 
fimbrial or afimbrial adhesins. Fimbriae are proteinaceaus appendages that are expressed on the 
bacterial surface and allow adherence to epithelial tissues of it host (Klemm & Schembri, 2004).  
The P fimbria is encoded by the pap gene cluster that is located on the bacterial 
chromosome and comprises 11 genes (Latham & Stamm, 1984). Although P fimbrial adhesins 
was first seen in E. coli associated with upper urinary tract infection in humans, certain APEC 
strains (25%) are also able to express P fimbrial adhesins (Ewers et al., 2007). According to 
Achtman and colleagues (1986), 52% of the O2 isolates from septicemic chickens expressed P 
fimbrial adhesins producing a Mannose-resistant hemagglutination (MRHA). By competitive 
ELISA and N-terminal amino acid sequencing, it was found that P fimbrial adhesin from O1 
isolates was shown to be closely related to the F11 fimbriae, which is closely related with 
urinary tract E. coli infection in humans (Pourbakhsh & Fairbrother, 1994). 
The role of P fimbrial adhesin in the pathogenicity of APEC has not been fully 
elucidated yet (Nakazato et al., 2009). These adhesins (P) do not appear to be involved in 
bacterial adherence to chicken tracheal or pharyngeal cells in vitro. Pourbakhsh and colleagues 
(1997) found through in vivo studies changes in the expression of P fimbrial adhesins according 
to its location in the host body and further suggested that these adhesins are not only important 
for the initial colonization steps of the upper respiratory tract but also play an important role in 
the later stages of infection.  Furthermore, Kariyawasam and co-workers (2006) demonstrated 
that the pap operon is present in a pathogenicity island (PAI) of APEC strain APEC-01 and 
further suggested that the presence of pap operon in horizontally acquired genomic regions 
containing PAIs might be possibly involved in the transformation of avirulent strains into 
virulent strains. 
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Curli fimbriae are filamentous, thin and curly structures, found on the cell surface 
of E. coli and Salmonella spp. (Collinson et al., 1993). Curli fimbriae are well expressed at 26 
°C in the stationary phase and in low osmolarity medium (Olsén et al., 1993). Curli fibers are 
encoded on the csg gene cluster, comprised of two differently transcribed operons, first one that 
encodes genes csgB, csgA and csgC and the second one that encodes genes csgD, csgE and 
csgG (Gophna et al., 2001b). The production of the curli fibers requires expression of both 
operons. Assembly of these curli fibers plays an important role in adherence and colonization 
during the early stages of infection (Dho-Moulin & Fairbrother, 1999) and  in linking bacterial 
cells to proteins of the extracellular matrix and other plasma proteins such as fibronectin, 
plasminogen and serum laminin (Collinson et al., 1993; Olsen et al., 1989). Furthermore, curli 
fibres were found to be fundamental for the internalization of bacteria causing avian 
septicaemia as seen in in vitro analysis (Gophna et al., 2001a). 
Type 1 fimbria is filamentous tubular structure evenly distributed over the surface 
of the bacterium and being essential for the initial colonization of the chicken pharyngeal and 
tracheal epithelial cells (Dho & Lafont, 1984). This fimbria is encoded by the fim gene 
cluster/operon, which is located on the E. coli chromosome (Stehling et al., 2003). The type 1 
fimbria usually comprises nine genes, seven of which are only present on fim operon, being 
secreted through chaperon/usher pathways.  The type 1 fimbriae presents a mannose- sensitive 
hemagglutination pattern being characterized as polymers of pillin subunits. Pillin is a protein 
with a high content of hydrophobic amino acids (Korhonen et al., 1980). It was found that four 
genes from the fim cluster, fim A, B, C and D were involved in the synthesis of the fimbriae 
(Klemm et al., 1985), while three genes, fimF, fimG and fimH were involved in the adhesive 
property and regulation of these structures but were not required for the production of fimbriae 
(Klemm & Christiansen, 1987). Additionally, fimH was responsible for the mannose-specific 
or receptor-specific adhesin of the type 1 fimbriae whereas fimC was found as the periplasmic 
chaperone that regulates assembly of type 1 pili (Krogfelt et al., 1990). The expression of type 
1 fimbriae is phase variable, that is, fimbriated bacteria can shift to a non-fimbriated state that 
is regulate by two fim genes fimB and fimE that control the phase variation of type 1 fimbriae 
(Klemm, 1986). According to Wooley et al. (1992) these fimbriae are 100% present in APEC 
strains as compared to the commensal strains. Through in vivo experiments, it was found that 
type 1 fimbriae are mainly expressed in the trachea and in the lungs and air sacs, but their 
expression has never been observed in other organs (Dozois et al., 1994).  Further, Ornodorff 
et al. (1994) proposed that type 1 fimbriae could protect E. coli from phagocytosis process. 
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Other studies also demonstrated that presence of type 1 fimbriae were resistance to the 
bactericidal effects of serum (Dozois et al., 1992). 
Researches related to new genes discovered increase in last years due to the 
availability and popularity of sequencing methodologies. Genomes added to public database 
also increased, allowing the search for new virulence factors (Dziva et al., 2013; Li et al., 2010; 
Paiva et al., 2015; Verma et al., 2015; Zhuge et al., 2013). On the basis of this, a genomic 
survey of strain SCI-07 that was isolated from a laying hen presenting a clinical case of Swollen 
Head Syndrome showed some genes such as yadC (locus tag: OQA_00875; a fimbrial-like 
adhesion) and yicS (locus tag: OQA_18310; a hypothetical protein whose functions is 
completely unknown), were under positive selection (Rojas, T.C.G. 2012; Thesis) and could be 
interesting targets for the study of their contributions to APEC pathogenicity. 
The fimbrial operon Yad display sequence and organizational homology to type 1 
fimbriae and could contribute for E. coli ability to adhere and colonize the host epithelia (Korea 
et al., 2010; Spurbeck et al., 2011). Operon Yad is composed of seven genes, yadN (major 
subunit), ecpD (usher), htrE (chaperone), yadMLK (minor subunits) and yadC (adhesive tip) 
(Chingcuanco et al., 2012). Fimbriae Yad is more prevalent among uropathogenic E. coli 
(UPEC) than commensal E. coli and contributes with the adherence to bladder epithelial cells 
and biofilm formation (Spurbeck et al., 2011). Moreover, it was demonstrated that yadK is 
important for adhesion of acid-stressed Enterohemorrhagic Escherichia coli (EHEC) to 
epithelial cells, increasing bacterial colonization and virulence (Chingcuanco et al., 2012). In 
APEC strain O78, the deletion of yadL has suggested that fimbria Yad has a subtle but positive 
contribution on APEC virulence (Dziva et al., 2013).  
The virulence role of gene yicS in pathogenic E. coli is still unexplored. This protein 
was described as a hypothetical protein YicS, highly conserved in E. coli, Salmonella spp., 
Shigella spp., and Citrobacter rodentium (Morin et al., 2013). In addition, the gene yicS is 
located next to gene csgD that is important for the control of biofilm matrix production in E. 
coli. Thus, a possible relation of gene yicS to biofilm formation and the fact of this gene be 
under a positive selection pressure made this genes an interesting target to be explored. 
 
2. JUSTIFICATION 
Comparative genomic analysis is an important tool for understanding how genomes 
evolve and adapt to new niches. Positive selection is an important way to fix variation due to a 
mutation event. Differences on the frequency of synonymous (ds) and non-synonymous (dn) 
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mutations in a nucleotide site can indicates the kind of selection that changes occurring by all 
possible evolutionary pathways between homologous codons. When the ratio of non-
synonymous substitutions/synonymous substitutions (ω = dN / dS) is >1 it indicates positive 
selection (Aguileta et al., 2009; Aguileta et al., 2010; Yang & Nielsen, 2002). Genes that are 
submitted to positive selection can be involved in parasite-host relationship because factors that 
ensure bacterial survival should be fixed in the population and the positive selection is the one 
way to do it (Salemi, 2003).  
Positive selection analyzes performed by our research group together with 
Laboratório Multiusuário de Bioinformática from EMBRAPA (Rojas, 2012) with 12 E. coli 
genomes, including five APEC genomes, revealed that genes yadC and yicS are under positive 
selection (Rojas et al, submitted). The study of genes yadC and yicS can reveal new virulence 
factors of APEC pathotype, because positive selection represents a strong evidence of their 
relation on APEC pathogenicity process. Furthermore, it is well known that fimbriae are very 
important virulence factors of APEC and studies have suggest that there are new unknown, not 
yet described, fimbria participating on APEC adherence (Campos et al., 2005). These previous 
studies (possible genes under positive selection and new not yet described adhesins 
participating in the virulence processes of APEC strains) justify the study of action of genes 
yadC and yicS in this process. The results herein obtained could bring new focus on the 
virulence mechanisms to be present in APEC strains and would contribute further for its 
understanding.  
 
 
 
3. OBJECTIVES 
3.1 General purpose 
The objective of this work was to evaluate the contribution of genes yadC and yicS 
on this APEC strain biological characteristics and pathogenicity.  
 
3.2 Specific objectives 
 Verification of the relative expression of the genes yadC and yicS in vivo and in vitro 
conditions.  
 Construction of null mutants for genes yadC and yicS. 
 Construction of complemented strain of genes yadC and yicS. 
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 Determine, through the one-day-old chicken model, if these mutations altered the 
pathogenicity of strain SCI-07. 
 Investigate further several biological characteristics related to the contribution of the 
genes yadC and yicS to pathogenicity of strain SCI-07 evaluating changes on adhesion 
and invasion of in vitro cultured cells, intracellular viability in macrophage cell lines 
and motility capacity.  
 Evaluate if the relative expression of adhesins and flagellar genes have changed in the 
deleted strains.  
 
4. MATERIALS AND METHODS  
 
4.1 Strains and Growth conditions 
 Strain APEC SCI-07 (serotype O nontypeable: H31; flagellar antigen) was 
isolated from the infra-orbital sinus of laying hen presenting clinical signs of swollen head 
syndrome. This APEC strain is resistant to streptomycin, tetracycline and gentamicin. The 
bacterial strain was routinely cultured at 37°C in Luria Bertani (LB) broth. Antibiotics were 
added at the following concentrations: 100, 50 and 10 µg/ml of streptomycin, tetracycline, and 
gentamicin, respectively (Table 1).  
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Table 1.  List of strains and plasmids used in this work  
Strains or 
Plasmid 
Characteristics  Source or reference 
Strains 
SCI-07 
APEC strain isolated from 
lesions of a laying hen presenting clinical 
signs of Swollen Head Syndrome 
From our laboratory 
DH10β K-12 E.coli strain From our laboratory 
Plasmids 
pKD3 Cat (chloramphenicol) gene 
Datsenko and Wanner 
(2000) 
pKD46 
AmpR express λ red 
recombination  
Datsenko and Wanner 
(2000) 
pACYC177 Cloning vector New England Biolabs 
 
 
4.2 Plasmids 
 Three plasmids (pKD3, pKD46 and pACYC177) were isolated from stains S17λ 
pir, BW25141 and ER2420, respectively (Table 1).  Plasmid pKD3 was used as template for 
PCR amplifications of the chloramphenicol resistance gene, with 2804 bps length that was used 
to replace genes on the mutant construction. Plasmid pKD46 is a 6329 bps low copy number 
plasmid which encodes the lambda red genes (γ, β, exo) under the control of an arabinose 
regulated promoter araC - paraB, having characteristic of temperature sensitive, which can be 
cured around ~37°C and express ampicillin resistance as a selection marker (Datsenko & 
Wanner, 2000). Strains SCI-07 with pKD46 was used to perform the recombination between 
the genes to be deleted and the pKD3 chloramphenicol cassette. Finally, plasmid pACYC177 
with 3940 bps in length encoding both for kanamycin and ampicillin resistance cassettes was 
used as a cloning vector (low-copy cloning vector) for complemented strains. All three strains 
(S17λpir, BW25141, and ER2420) were grown in 4 ml LB broth media supplemented with the 
appropriate antibiotics; 34 µg/ml, 100 µg/ml, and 50 µg/ml of chloramphenicol, ampicillin and 
kanamycin, respectively, incubated overnight at 37°C whereas BW25141 was incubated at 
30°C. After that, plasmids were extracted using the QIAPrep® Spin miniprep-kit (QIAGEN) 
and confirmed by 0.8% agarose gel electrophoresis.  
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4.3 Genomic sequences 
The whole Genome sequence of strain SCI-07 is deposited at DDBJ/EMBL/ 
GenBank under the accession number AJFG00000000 (Galvao Rojas et al., 2012) . 
 
4.4 In silico analyses for the protein YicS 
The software Swiss model (http://swissmodel.expasy.org/) (Biasini et al., 2014) 
was employed to generate a 3D model of protein YicS, by submitting 97 amino acid (aa) 
sequence of this protein, as well as the software predicting protein 
(https://www.predictprotein.org/) (Yachdav et al., 2014) that indicated the probable subcellular 
localization. Predicted functional partners structure for yicS were obtained using the STRING 
software (http://string-db.org/cgi/) (Szklarczyk et al., 2015), which suppose to offer a possible 
relationship of genes based on neighborhood and co-occurrence in the genome of E. coli K12 
MG1655 strain.  
 
4.5 Amplification of yadC and yicS  
Amplification of genes yadC and yicS from SCI-07 DNA were done by a PCR 
technique using the following PCR reaction: 5X Buffer HF, 10 mM Forward and Reverse 
primer (Table 2), 10 mM DNTPs and 2 U/µl Phusion DNA polymerase and 1 µl genomic DNA 
of SCI-07. The PCR reaction conditions were: 30 sec at 98°C, 30 cycles of 10, 30 and 45 sec at 
98°C, 50°C and 72°C, and 5 min at 72°C. The amplicons were subjected to 1% agarose gel 
electric field of 100V. The gel was stained in an ethidium bromide solution and viewed over 
UV light. 
 
4.6 RNA extraction  
Total RNA of strain SCI-07 was extracted from LB medium (in vitro) grown 
bacteria as well as from lungs and spleen of one-day-old chicks infected with strain SCI-07. 
Briefly, for the in vitro RNA extraction, cultures of SCI-07, mutants and complementation 
strains were grown overnight (37°C) into 4 ml of LB broth (pre-inoculum) and diluted 1:100 
into fresh LB medium with further growth at 22, 37, and 41°C at 150 rpm until reaching OD600= 
0.5-0.6. Afterwards, RNA was extracted using the "RNAeasy mini kit" (QIAGEN). For in vivo 
assays, the pre-inoculum was diluted 1:100 in fresh LB, which was incubated overnight to 
prepare the inoculum. An inoculum volume of 100 µl  was injected into the thoracic air sac of 
five one-day-old chicks. After 24 h post infection (hpi), the animals were euthanized by cervical 
dismantle. The left lung and the spleen were aseptically removed and homogenized in 1 ml 
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TRIzol solution (Ambion). Subsequent RNA extraction was performed with "PurelinkTM RNA 
mini kit" (Ambion; Life technologies) according to the manufacturer's instructions. The total 
RNA concentrations were determined by using the NanoVue spectrophotometer (GE 
Healthcare Life Sciences®).  
 
 
4.7 Relative Expression of genes yadC and yicS by quantitative Real-Time (qRT-PCR) in 
strain SCI-07 
The primers for quantitative Real-Time (qRT-PCR) were constructed using the 
Primer Express Software version 3.0 (Applied Biosystems®, USA) and are listed in Table 2. 
The qRT-PCR experiments were performed in an one-step reaction by using the StepOne Plus 
detection system (Applied Biosystems®, USA), followed by the program: stage holding 48°C 
/10 min for 1 cycle, 60°C /1 min for 40 cycles, another cycling stage 95°C /15 sec and Melt 
curve stage 95°C /15 sec and 60°C /1 min for 1 cycle, respectively. For each primer, a total of 
12 µl (6 µl of syber master mix + 4.20 µl of ultra pure water + 0.12 µl of reverse transcriptase 
(100 U/µl) RT Taq QuantiTect® SYBER® Green qRT-PCR kit (QIAGEN) + 0.24 µl of primer 
(200 mM) Forward and Reverse + 1.2 µl RNA sample (10 ng/µl) were used for the reaction. 
The amplification efficiency of each primer pair was verified using standard curves of known 
RNA concentrations. The rpoA (RNA polymerase subunit A) gene was used as the endogenous 
control. The data were normalized using the expression level of gene rpoA and analyzed using 
the comparative critical threshold (Ct) method described by Walters & Sperandio (2006). The 
level of transcription was compared using ∆∆CT quantification method. 
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Table 2. List of primers used in qRT-PCR experiments 
Primers Sequences (5´3´) 
    Forward Primer rpoA GCGCTCATCTTCTTCCGA 
    Reverse Primer   rpoA CGCGGTCGTGGTTATGTG 
    Forward Primer yadC GTCTGATGGACCAACACCGTAA 
    Reverse Primer   yadC GCCGGCACCGATGATG 
    Forward Primer yicS                       ACAGTCGGCAAAAGAGAAAACC 
    Reverse Primer yicS TGTGGCGTGCAAATTTTACG 
    Forward Primer fliC   GCCGTTGAACTGGGTCTGA 
    Reverse Primer fliC   CAAATCCCGTCTCGACGAA 
    Forward Primer flhD TCTTGCGCAGCGCTTCT 
    Reverse Primer flhD GCTCTCAACTCGCTTGCTGAA 
    Forward Primer cyaA GCTGGCGTCGTGAAGTGTTA 
    Reverse Primer cyaA CGAGCATCGTCCCATTCC 
    Forward Primer ompR GCGTTCCATTGCGGAATATT 
    Reverse Primer ompR CCCGCGATAAGCTGATGAA 
    Forward Primer motA AATATCGCGTTCCAGCGAAA 
    Reverse Primer motA CGGTTGATGGCGAAATCG 
    Forward Primer flgE CCTCAACTCCATGCAGCAAA 
    Reverse Primer flgE TTCTGGGTGGTTGCCACAA 
    Forward Primer fimA TGCGGGTAGCGCAACAA 
    Reverse Primer fimA ACGCAGTCCCTGTTTTATCCA 
    Forward Primer fimH GATGCGGGCAACTCGATT 
    Reverse Primer fimH CCCTGCGCGGGTGAA 
    Forward Primer csgA TGGTAATGGTGCAGATGTTGG 
    Reverse Primer csgA ACGTTGGGTCAGATCGATTGA 
    Forward Primer ecpA TCATCACGGTATCGCCAGTTT    
    Reverse Primer ecpA CTGAATGTGGGCGTGGATTAT 
 
 
4.8 Construction of Mutants 
 
4.8.1 Gene deletion using the technique of Lambda red mutagenesis 
 
The two mutants, yadC and yicS were generated by the procedure described by 
Datsenko & Wanner (2000) using plasmid pKD3 as template (1.1kb) for the Chloramphenicol 
(Cm) cassette. 
  
4.8.2 Primer design 
 The primers sequences of oligonucleotide used for the deletion of genes were 
manually designed (Table 3). These primers have a total of 70 base pairs, in which 50 pairs are 
homologous to the targeted gene (yadC and yicS) and the remaining 20 base pairs refer to the 
Cm cassette. In order to confirm the mutants, primer pairs were constructed using the 20 base 
pairs that belong to internal and external region of the targeted gene (Table 3).  
 
33 
 
 
4.8.3 Preparation of Insert (Cm cassette) 
 
   To perform the PCR-amplification of the insert containing the Cm cassette, 
reagents (5X Buffer HF, 10 mM Forward and Reverse primers, 10 mM DNTPs and 2 U/µl 
Phusion DNA polymerase) were used according to reaction conditions: 30 sec at 98°C, 30 
cycles of 10, 30 and 45 sec at 98°C, 50°C and 72°C, and 5 min at 72°C. PCR product was 
verified by 1% agarose gel electrophoresis. 
 
4.8.4 Purification of Insert (Cm cassette) 
After confirmation the size of the amplified insert (1.1 kbp), 250 µl PCR products 
were precipitated using 5M sodium chloride (Sambrook et al., 1989). For this, 250 µl of PCR 
product, 10µl of 5M sodium chloride and 650 µl of ice-cold 100% ethanol were added. This 
mixture was homogenized and incubated at -20°C for 30 min. After that, mixture was 
centrifuged at 12000g for 12 min at 4°C. The precipitated DNA was washed three times with 1 
ml of 70% ethanol at 12000g for 2 min at 4°C. Finally, the DNA pellet was air dried at 37°C 
for 15 min to evaporate the ethanol and resuspended in 10 µl of ultra pure water.  
 
 
4.8.5 Preparation of electrocompetent cells 
Strain SCI07 containing plasmid pKD46 was inoculated in 4 ml of LB medium 
supplemented with 100 µg/ml, 100 µg/ml, 5 µg/ml and 10 µg/ml of ampicillin, streptomycin, 
tetracycline and gentamicin, respectively, and incubated overnight at 30°C. Then, 500 µl of pre-
inoculum was added to 20 ml of LB broth medium supplemented with 10 µl of ampicillin and 
5 ml of 1M L-arabinose, incubated at 30°C with shaking at 150 rpm until OD600. Culture was 
transferred to a sterile falcon tube and centrifuged at 4000 rpm for 15 min at 4°C. The 
supernatant was discarded and the pellet washed three times in 30 ml of ice-cold sterile water 
(40000 rpm for 10 min at 4°C). After the last wash, the pellet was re-suspended in 100 µl of the 
same water and used for further electroporation (electrotransformation). 
 
 
4.8.6 Electrotransformation of insert (Cm cassette)  
 A mixture of 80 µl electro-competent cells and 10 µl of insert (Cm) were taken 
in a 0.2 cm electroporation cuvette. The sample was subjected to an electroporator apparatus 
(Bio-RAD) operated at 2.5 kV voltage and 200 ohms of resistance with capacitance of 25 µFD. 
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After an electric impulse, 1 ml of SOC (Sambrook et al., 1989) media was immediately added 
to the bacterial suspension in the cuvette. The bacterial sample was transferred to a 1.5 ml falcon 
tube and incubated at 37°C for 1h in a shaking condition. The sample was left in ambient 
condition for overnight at room temperature. After recovery, bacterial suspension was 
centrifuged (12000g for 2 min at room temperature), re-suspended in 100 µl of PBS (pH 7.4) 
and plated on LB agar containing 5 µg/ml of Cm. Plates were incubated overnight at 37°C. 
 
 
4.8.7 Selection and confirmation of mutants 
 Transformed positive (SCI-07 CmR) colonies were re-plated on MacConkey 
agar (MAC-agar) containing 10 µg/ml of Cm and incubated for 24h at 37°C. Again, plated on 
LB agar containing 20 µg/ml of Cm and incubated at 37°C for 24 h. The positive colonies 
(CmR) were tested by a regular colony PCR technique to confirm homologous recombination 
between the antibiotic resistance cassette (Cm) and the targeted gene. The external and internal 
primers used for detection were homologous to the adjacent region of the genes yadC and yicS 
(Table 3). The reagents used for the PCR reaction were as follow: 10X PCR buffer 5 µl, 2mM 
dNTPs 5 µl, 15.61 µl of ultra pure water, 25mM MgCl2 2 µl, each primer 0.5 µl, 0.4 µl Taq 
enzyme (Fermentas) and 1 isolated colony from the plate as DNA template; further 
programmed at 95°C for 3 min; 95°C for 20 sec with 25 cycles; 55°C for 1 min with final 
extension of 72°C for 1 and 5 min, respectively. The amplicons were subjected to 1% agarose 
gel.  
 
 
 
 
 
 
 
 
 
 
 
35 
 
 
 
 
 
Figure 1.  Representation of the λ red technique.  (A) Drug resistance gene in pKD3. (B) Target gene on chromosome of SCI-
07 strain flanked by 50 bps sequences (a1 and a2) targets of recombination. (C) Representation of oligonucleotide of 70 bps to 
amplify the Cm cassette from the plasmid pKD3. In this a1 and a2 refers to the 50 bps homologous to the target gene deletion 
(works only in homologous recombination not in PCR) and r1 and r2 primers to amplify the Cm cassette (Datsanko and Wanner, 
2000). (D) Representation of the insert amplification by PCR using the extended primers. (E) Representation of homologous 
recombination Cm cassette replaces entire target gene from the SCI-07 in the presence of λ red background. 
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Table 3. List of primers used in the construction of mutant and complemented  
strains  
Primers Sequences (5´3´) 
Primers used for mutagenesis 
Forward Primer (F ∆yadC) AATGATTTATCCGTATCGCACCGCCGTTGTCTGGCGGTGCGATAGTG
TTA GTGTAGGCTGGAGCTGCTTC 
Reverse Primer (R ∆yadC) ACAGACAAAGTGCTACAAGTATTATCTTGCAGCATGACAATGGAGT
AAAA CATATGAATATCCTCCTTAG 
Forward Primer (F ∆yicS) CAAACTACACTTATGCTTCATTCGATGCACATTTGCAGAAGGTTGCC
GCT GTGTAGGCTGGAGCTGCTTC 
Reverse Primer (R ∆yicS) GAAATCCTGATATCAGGTAAAGAAGCGTTGGTCAGTGGTTGTTGCC
GTTC CATATGAATATCCTCCTTAG 
Primers used for genetic complementation 
Forward Primer (F C.yadC) TATT aagcttTCAGGGGTAGGTAACCTGAA      
Reverse Primer  (R C.yadC) TATT cacgttgtg ATGAAGACATTCTTCAGATA     
Forward Primer (F C.∆yicS) TCTT aagcttATGAAGCCAACGATGCTACT 
Reverse Primer (R C. ∆yicS) TCTT cacgttgtgTTACATATCCGGGCATTCTA 
Primers used for mutant confirmation 
External primer (a)  
Forward primer (F ∆yadC) CTGGCGGTGCGATAGTGTTA     
Reverse primer  (R ∆yadC) AGCATGACAATGGAGTAAAA 
Forward primer (F ∆yicS) ATTTGCAGAAGGTTGCCGCT 
Reverse primer  (R ∆yicS) GTCAGTGGTTGTTGCCGTTC 
Internal primer (b)  
Forward primer (F ∆yadC)  TCAGGGGTAGGTAACCTGAA 
Reverse primer  (R ∆yadC) ATGAAGACATTCTTCAGATA 
Forward primer (F ∆yicS) ATGAAGCCAACGATGCTACT 
Reverse primer  (R ∆yicS) TTACATATCCGGGCATTCTA 
Red color indicates Restriction enzymes sites in complement primer 
 
4.9 Construction of complemented strain  
 
4.9.1 PCR amplification 
To complement the mutants, the original gene together with its predicted promoter 
sequence was amplified by PCR from genomic DNA of strain SCI-07 using complement 
primers as described in Table 3. The amplified PCR products were purified using "PureLink 
PCR Purification Kit" (Invitrogen), as described by the manufacturer's protocol. The amplicons 
were subjected to 1% agarose gel.  
 
4.9.2 Cloning of genes yadC and yicS in plasmid pACYC177 
 The original amplified genes were cloned in plasmid pACYC177 (cloning 
vector) between the sites of enzymes DraIII and HindIII. For this purpose, the amplified original 
genes and the plasmid vector pACYC177 were digested separately using the cited restriction 
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enzymes (DraIII and Hind III; Fermentas) with the help of the following reagents: 20 µl of 
DNA (0.1 µg/ml), 1.5 µl of each enzyme (10 U/µl) 13 µl of ultra pure water and 4 µl of 1X 
buffer. A solution containing all these reagents was further incubated at 37°C for 1h. After 
digestion, the vector (pACYC177) and insert (yadC and yicS) were purified using the "PureLink 
PCR Purification Kit" (Invitrogen) and verified further by 0.8% and 1 % agarose gel 
electrophoresis. The ligation reaction was performed using 1 µl (3 U/µl) of T4 DNA ligase 
(Fermentas, USA) in the presence of following reagents; 5 µl of digested plasmid (1 µg/µl) 1 
µl of digested gene (0.1 µg/µl), 2 µl of 10x Buffer and 11 µl of water. A solution containing all 
these reagents was further incubated at 37°C for 1h. The ligated (recombinant) plasmid was 
purified using the "PureLink PCR Purification Kit" (Invitrogen).  
 
 
 
Figure 2. Map of cloning vector plasmid pACYC177 used in complement construction. Modified after Stefan 
Luzi Group (2007).   
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4.9.3 Transformation in electrocompetent cell of DH10β 
 In continuity of above section, the recombinant plasmid (plasmid pACYC177 + 
original gene) was electroporated into the electrocompetent cells of E. coli K12 strain DH10β 
for cloning and multiplication. The cloned plasmid was extracted from strain DH10β for further 
electroporation into the competent cells of mutant strains.  
 
4.9.4 Electrocompetent cells of strains ∆yadC and ∆yicS for electroporation 
 Strains ∆yadC and ∆yicS were inoculated in 4ml of LB media supplemented with 
antibiotics at the concentrations of 100 µg/ml, 5 µg/ml and 10 µg/ml of streptomycin, 
tetracycline and gentamicin, respectively, followed by an incubation period of overnight at 
37°C. Then, 200 µl were inoculated into 20 ml LB broth media. This culture was incubated at 
37°C with shaking at 150 rpm until OD 0.6 and then transferred to a sterile falcon tube followed 
by centrifugation at 4000 rpm for 15 min at 4°C. Finally, the cell pellet was washed with 30 ml 
of ice-cold sterile water for three times and re-suspended in 100 µl of ice cold water. Re-
suspension was used for further electroporation. 
 
 
4.9.5 Electroporation of recombinant plasmid in electrocompetent cells of strains ∆yadC 
and ∆yicS   
 The recombinant plasmid (target gene + pACYC177) was extracted from 
transformed DH10β and electroporated into electro-competent cells of ∆yadC and ∆yicS strains 
with the electroporator apparatus "(Bio-RAD)" at 2.5 kV voltage and 200 ohms of resistance, 
with capacitance of 25 µFD.  
 
4.9.6 Selection and confirmation of complemented strains 
 The transformed culture was plated onto LB- agar containing 100 µg/ml 
ampicillin at 37°C for 24h. Isolated positive colonies were selected, inoculated in 4 ml of LB 
broth and incubated at 37°C. Recombinant plasmid pACYC177 (plasmid pACYC177 + original 
gene) was extracted by using the kit "QIAprep Spin Miniprep Kit"(QIAGEN) following the 
manufacturer’s protocol. Strains containing this plasmid were further confirmed as the 
complemented strains (C. ∆yadC and C.∆yicS) by PCR amplification using the same 
complementation primer pairs (primers used in complementation strain construction, Table 3).  
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4.10 In vitro assays 
All in vitro assays (qRT-PCR, bacterial growth curve, motility assays, biofilm 
formation and agar plate counting) experiments were performed in triplicate. Statistical analysis 
was performed by analysis of variance (ANOVA), with Tukey test, using ASSITAT Software 
version 7.7. 
 
4.10.1 Bacterial growth curves 
Overnight incubated cultures (LB broth) of strains SCI-07, ∆yadC, C.∆yadC ∆yicS 
and C.∆yicS were diluted in LB as well as in DMEM medium (1:100) and grown at 37°C with 
agitation of 150 rpm. Optical densities of each bacterial culture were monitored 
spectrophotometrically at 0.6 nm for 6h in every 30 min. 
 
4.10.2 Adhesion assays in HeLa cells 
Strains SCI-07, ∆yadC, ∆yicS, C.∆yadC and C.∆yicS were evaluated for their 
ability to adhere to human epithelial cell line in the presence and absence of the D-mannose 
analog (Methyl α-D-Mannopyranoside; Sigma, USA). This analogous is not metabolized by 
bacteria, binds to type1 fimbriae receptors and strongly inhibits their adhesive and pellicle-
prompting activities (Clegg & Old, 1979).  Bacterial inoculums were prepared using the 
overnight culture of each strain, which was centrifuged and resuspended in PBS  (phosphate 
buffer saline; pH 7.4) in the presence (1%) and absence of the D-mannose analog. Monolayers 
of HeLa cells were grown in DMEM containing 10% fetal bovine serum (FBS) at 37°C in a 5% 
CO2 incubator, until reaching a confluent growth. This incubation conditions were used for all 
eukaryotic cell lines. HeLa cells were infected with 10 µl of bacterial inoculum at a 
concentration of 107 CFU per ml in triplicate in 24-well plates. Each well was filled with 
medium up to 1 ml for further incubation. After 3 h, cells were washed 3 times with PBS. Then, 
cells were incubated again for additional 3 h with fresh medium. Afterwards, cells were washed 
twice with PBS and lysed with 1% triton-X 100. The obtained suspension was 1-10 fold diluted 
and plated onto MAC-agar for CFU determination. 
 
5.10.3 Invasion assays in avian CEC-32 and human epithelial Hep-2 cells  
 Invasion ability of the six studied strains were assessed in vitro with cultured 
Hep-2 cells following the methodology described by Scaletsky et al, (2005) and CEC-32 cells 
as described by Paiva and co-groupes (2015). A volume of 10 µl of bacteria-PBS suspension 
(107 CFU/ml) was inoculated onto monolayers of CEC-32 and Hep-2 cells in triplicate 
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separately. Each well was filled with DMEM and 10% FBS up to 1 ml and incubated for 3h. 
The extracellular bacteria were removed by washing the cells twice with PBS. Cells were 
replenished with fresh DMEM medium containing 20 mg/ml of Amp for wild and mutant type 
strains and 25 mg/ml of Km for complementation strain and then incubated for another 3 h. 
Afterwards, cells were washed with PBS and lysed with subsequent CFU determination.  
 
4.10.4 Macrophage Survival assays 
 For this assay, HD11 chicken macrophages cells (Beug et al., 1979) were 
infected with wild type, mutants and complemented strains. A volume of 10 µl of bacteria-PBS 
suspension (107 CFU/ml) was inoculated onto monolayers of HD11 cells in triplicate. Each well 
was filled with RPMI 1640, supplemented with 2 mM glutamine and 10% FBS up to 1 ml and 
incubated for 1 h. The extracellular bacteria were removed by washing the plate with PBS. 
After this, 1 ml of the glutamine-FBS-RPMI medium containing 20 mg ml-1 Amp for wild and 
mutant type strains and 25 mg ml-1 of Km for complemented strain was added to each well and 
incubated for 3 h or 18h. Then, the plate was washed 3 times with PBS and cells were lysed 
with 1% Triton X-100. The lysed cell suspension was used for CFU determination. 
 
4.10.5 Biofilm formation assays 
The wild type, mutants and complemented strains were evaluated for their capacity 
of biofilm formation on abiotic surface using DMEM medium. The bacterial strains (wild type, 
∆yadC, C.∆yadC, ∆yicS and C.∆yicS) were overnight cultured in LB medium and diluted into 
fresh DMEM media in a 1:100 dilution in cell culture plates with and without glass coverslip 
in a final volume of 1 ml. These plates were incubated at 37o C in a 5% CO2 incubator for 24h. 
After this period, the cells were discarded and the wells washed 3 times with PBS. In each well 
1 ml of 75% ethanol was added for 10 min and washed 3 more times with PBS to remove the 
ethanol. Then, a solution of 0.5% crystal violet was added to stain the cells for 5 min. The plates 
were washed 4 times with PBS and dried for some (~10 min) time at 37o C. The crystal violet 
was solubilized by adding 1 ml of 95% ethanol to each well for 2 min; the concentration of final 
suspension was measured by using a spectrophotometer at 570 nm.  
 
4.10.6 Motility assays of the Swimming type 
 LB plates with 0.3% of agar were inoculated with overnight-incubated culture 
of the wild type, mutants and complementation strains. The bacterial culture was stabbed into 
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the center of the plate and incubated for 10 h at 37°C. Furthermore, plate was examined at 
interval of 6h, 8h and 10h and at these times the diameter the holes was measured. 
 
  
4.10.7 qRT -PCR Assays for adhesion and motility related genes as well as expression of 
yadC and yicS in wild type, mutants and complemented strains 
 
Bacterial cultures of wild type, mutants and complementation strains were 
aerobically grown at 37°C in LB broth overnight and then diluted 1: 100 into fresh LB or 
DMEM media. Fresh media was incubated at 37oC at 150 rpm until reaching OD600= 0.5 - 0.6 
for flagellar and fimbrial genes respectively. RNA from three biological samples was extracted 
using "RNAeasy mini kit" (QIAGEN). qRT-PCR assays were performed to quantify the 
transcription of bacterial genes related to adhesion (fimA, fimH, csgA and ecpA), motility (fliC, 
flhD, cyaA, motA, flgE and motility modulator ompR) and expression of yadC and yicS in each 
strain.  
 
 
4.11 In vivo assays 
The average mortality rate of chicks was compared by Chi-square test as well 
Fischer exact test using the Graph Pad software (2013). The animal systemic infection statistical 
difference was measured by using the Tukey test. 
 
4.11.1 Ethics statement 
 All the animal experimental protocols were approved by the Ethics Committee 
of Animal Use-CEUA-UNICAMP (protocol number 2669-1; Brazilian law No. 11794). 
 
 
4.11.2 Mortality assays 
Cultures from strains SCI-07, ∆yadC, C.∆yadC, ∆yicS and C.∆yicS were grown (LB 
medium) at 37°C for 24 h. Bacterial cultures were diluted in 5 ml of fresh LB medium (1:100) 
and incubated at 37°C for 18 h. Afterwards, the cultures were centrifuged at 4000 rpm for 15 
min at 4°C and resuspended in 5 ml of sterile PBS (pH 7.4). Assessment of mortality was held 
in one-day-old, unvaccinated, broiler chickens. Briefly, groups of 20 birds for each strain were 
inoculated in the right thoracic air sac with 0.1 ml of a bacterial suspension containing 109 
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CFU/ml or with 0.1 ml of PBS as negative control. Birds were observed every 12 h up to 07 
days after inoculation and the number of deaths were recorded as described by Antao et al. 
(2008).  
 
4.11.3 Systemic infection experiments 
 The systemic infection experiments were performed as describe by Paiva et al 
(2015). Briefly, a group of 3 one-day-old chickens for each strain (SCI-07, ∆yadC, C.∆yadC 
∆yicS and C.∆yicS) was infected with a bacterial suspension containing 108 CFU/ml, in the right 
thoracic air sac. At 24 and 48 hours post infection (hpi), chickens were euthanized. Afterwards, 
tissue samples of the lung, liver, and heart were weighed, suspended in PBS 1:10 (m/v), and 
homogenized. Then, this homogenized suspension was plated onto MAC containing 100 µg/ml 
Sm and incubated overnight at 37°C for CFU determination. In the absence of growth, 
homogenized samples were enriched with a 1:1 volume of LB and incubated at 37 °C for 24 h. 
After that, this culture was streaked onto MAC-agar containing 100 µg/ml Sm and incubated at 
37 °C for 24 h. 
 
 
5. RESULTS 
 
5.1 In silico analyses of protein YicS 
The 3D model protein structure of yicS was predicted by Swiss model software 
(http://swissmodel.expasy.org/). The 3D structure obtained by software did not achieve all 
amino acid sequence from YicS. The obtained structure has helixs and exposed regions. It  
depicted  one protein binding region and  one disulfide bond (Figure 3). 
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Figure 3. 3D Model structure for YicS. 
 
The software predict protein (https://www.predictprotein.org/) that indicated the 
probable subcellular localization of yicS, revealed that this protein is localized in the 
periplasmic space between the outer and inner membranes of the bacteria. Further, the possible 
functional partners between yicS and other related genes were obtained by the string software 
(http://string-db.org/cgi/) (Figure 4), which shows that gene yicS has the strongest relation 
(bigger score) with the neighborhood exporter lipoprotein nlpA but is also related to some other 
genes such flgN, ppdC, yehR, yccT, wcaM, ydcK, sfmH, ynfC and marB. 
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Figure 4. Predicted functional partners of the yicS gene (A and B) by STRING software. Different line colors 
represent the types of evidence used to identify the associations. 
 
 
A 
B 
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5.2 Confirmation the presence of genes in the genome of strain SCI-07 
The confirmation of the presence of the yadC and yicS in the genome of strain SCI-
07 was done by PCR technique, which is depicted in Figure 5. PCR reactions demonstrated the 
presence of fragments of 1263 bps and 294 bps, which are the expected molecular size for genes 
yadC and yicS, respectively. 
 
 
Figure 5. Agarose Electrophoresis gel (1%) representing the confirmation of presence of genes in SCI-07 strain. 
1 column: 1 kb ladder; 2 column: gene yadC (1263bp); 3 column: gene yicS (294bp). 
 
 
5.3 Relative Expression, by qRT-PCR, of yadC and yicS at different temperatures in vitro 
The transcription of yadC in strain SCI-07 was verified in vitro by qRT-PCR. The 
transcription level of yadC was found to be upregulated (Figure 6 A), by almost 4-fold, when 
the strain was cultivated at the highest temperature (41°C), which is the usual temperature of 
chicken bodies, comparing to the incubation at 37°C. On the other hand, it was downregulated, 
by 0.2-fold, when the strain was cultivated at room temperature (22°C), while yicS presented 
no difference in expression profiles at different temperatures (22°C, 37°C and 41°C; Figure 6 
B). 
 
250 bp 
1.5 kb 
1 kb 
1 2 3 
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Figure 6. Relative quantification (A) RQ of yadC at 22, 37, and 41°C in LB in vitro. (B) RQ of yicS at 22, 37, and 
41°C in LB in vitro. * and ** signs represents p < 0.05 and p < 0.01 respectively for Tukey test. 
 
5.4 Relative Expression, by qRT-PCR, of genes yadC and yicS 
 
The capacity of strain SCI-07 to express genes yadC and yicS in in vitro (for 
comparative porposes)  and in vivo conditions was verified by the qRT-PCR technique. The 
results (Figure 7 ) indicated that the expression levels of  yadC as well as yicS were found to be 
49 and 9 fold higher in lung and 33 and 2.7 fold higher in spleen respectively in  in vivo, whereas 
both genes were expresed only 1 fold in in vitro.  These results also suggest that both genes 
could play an important role in in vivo conditions.  
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Figure 7.  Relative quantification (RQ) of yadC and yicS in SCI-07 strain comparing in vitro and in vivo 
experiments. * sign represents p < 0.05 for Tukey test. 
 
 
       
5.5 Deletion of targeted genes by the “Lambda red” recombinase technique 
 
Mutant strains yadC and yicS were generated by the procedure described by 
Datsenko & Wanner (2000) using plasmid pKD3 as template (1.1kb) for the Cm cassette. The 
PCR amplified Cm cassette is presented in Figure 8.  
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Figure 8. Agarose gel Electrophoresis (1%) image showing the amplification of DNA fragment containing the 
Cm cassette; 1 column: 1 kb ladder marker; 2 column: amplicon of Cm cassette. 
 
 
The DNA fragment (1.1Kb) containing the Cm cassette obtained from the PCR 
amplification was inserted into the cells of strain SCI-07 containing plasmid pKD46 by the 
electroporation technique as described before. The plasmid pKD46 encodes bacteriophage 
enzymes λ, β, and exo, which are required for the recombination between the homologous 
sequence in bacterial chromosome and the DNA fragment containing the Cm cassette. This 
homologous recombination leads to the disruption of the targeted gene yadC and yicS Figure 9 
and 10. 
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Figure 9. Agarose gel Electrophoresis (1%) demonstrating the confirmation of constructed strain ∆yadC; (A) 1 
column: 1kb DNA Ladder marker; 2 column: DNA from strain SCI-07 as control amplified with external primers 
used for amplification of the entire gene yadC; 3 column: amplicon of mutant template; (B) 1 column: 1kb DNA 
Ladder marker; 2 column: DNA from SCI-07 as control with internal primers; 3 column: non-amplification of 
gene yadC in mutant strain using internal primers. 
 
 
 
Figure 10.  Agarose gel Electrophoresis (1%) demonstrating the confirmation of constructed strain ∆yicS. 1 and 4 
columns: 1kb DNA Ladder marker; 2 column: DNA from strain SCI-07 as control with external primers used for 
amplification of the entire gene yicS; 3 column: amplification of mutant template; 5 column: DNA of strain SCI-
07 as control with internal primers; 6 column: non-amplified gene yicS in mutant strain. 
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5.6 Construction of a complemented strain of mutant 
 
To obtain a complementation strain, the targeted gene from the wild type strain SCI-
07 was amplified by PCR, using primers for complement construction and cloned in plasmid 
pACYC177, using HindIII and DraIII restriction sites. This cloned plasmid was inserted in 
mutant strain by electrotransformation after intermediate passage in strain DH10B.  These 
results are depicted in Figure 11 and 12. 
 
 
 
Figure 11.  Agarose gel electrophoresis (1%) confirming the complemented of C.ΔyadC strain; (A) 1 column: 1 
kb molecular ladder marker; 2 column: yadC gene as control; 3 column: non amplicon of yadC gene in mutant 
strain; 4 column: amplified yadC gene in complemented (C.ΔyadC) strain; (B) 1 column: 1kb molecular ladder 
marker; 2 column: yadC gene as control; 3 column: closed pACYC177 plasmid; 4 column: digested pACYC177 
plasmid and its fragment; 5 column: digested recombinant pACYC177 plasmid and yadC fragment. 
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Figure 12.  Agarose gel electrophoresis (1%) confirming the complemented of C.ΔyicS strain; (A) 1 column: 1kb 
molecular ladder marker; 2 column: yicS gene as control; 3 column: non amplicon of yicS gene in mutant strain; 4 
column: amplified yicS gene in complemented (C.ΔyicS) strain; (B) 1 column: 1kb molecular ladder marker; 2 
column: closed pACYC177 plasmid; 3 column: digested pACYC177 plasmid and its fragment; 4 column: ligation 
of recombinant plasmid pACYC177 + yicS gene ; 5 column: recombinant pACYC177 + yicS gene which was 
extracted from the C.ΔyicS strain. 
 
 
5.7 Quantification of the relative expression of genes yadC and yicS in wild type, mutant 
and complemented strains by qRT-PCR 
 
The real time qRT-PCR analysis was performed to quantify the relative expression 
of genes yadC and yicS in wild type, mutant and complemented strains (in vitro; DMEM 
medium). Figure 13 A shows that the fimbrial adhesin yadC is expressed by the wild type strain 
whereas it is absent in mutant strain. In the complemented strain this gene was significantly 
over-expressed. The high expression of yadC in complemented strain is related to the number 
of plasmid copies present in this strain. Figure 13 B shows that the hypothetical protein yicS is 
well expressed in wild type and complemented strain while it is absent in the mutant strain. 
Therefore, these results provide an additional confirmation about the construction of mutants 
and complemented strains for yadC and yicS. 
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Figure 13. Quantitative real time qRT-PCR expression of yadC and yicS in DEMEM medium, by mutants (ΔyadC 
and ΔyicS) and complemented strains (C.ΔyadC and C.ΔyicS) strains compared to strain SCI-07.  
 
 
 
5.8 Bacterial growth curves 
 
Growth curves were performed in complex and minimum media to make sure that 
the deletion of genes not caused any change in the growth rate of mutants. It was found that 
there is no deficiency of growth by the mutant and complemented strains in both medium 
(Figure 14 A and 14 B), indicated that if the mutant and complemented strains would showed 
in phenotypic differences compared to wild strain would be occurring due to the deletion on the 
genes not by any deficiency in the numbers of bacteria. 
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Figure 14. Bacterial growth curve. (A) Wild type SCI-07, ∆yadC and C. ∆yadC strain in LB and DMEM 
medium. (B) SCI-07 ∆yicS and C. ∆yicS in LB and DMEM. 
 
5.9 Mortality tests 
 
To verify if the deleted genes could play a role in the virulence of strain SCI-07, 
mortality assays were performed. For this purpose, groups with 20 chicks were infected with 
wild type, mutants and complemented strains. For yadC, chicks infected with the wild type 
strain (SCI-07) presented an 80% mortality rate (n =16) with 11 animals being killed at the first 
day of observation. The mutant strain (∆yadC) presented overall a 50% mortality rate (n = 10) 
during the seven days of experimentation, with only 08 of the chicks being killed at the first 
day of observation. The complemented strain (C.∆yadC) presented a complete restoration and 
increased virulence levels with a global mortality rate of 90% (n = 18) and 14 animals dead in 
the first day (Figure 15 A). Similarly, for yicS, chicks infected with the wild type strain (SCI-
07) presented a 55% mortality rate (n=11) with 4 animals being killed at the first day of 
observation. The mutant strain (∆yicS) presented overall a 25% mortality rate (n=5) during the 
seven days of experimentation, no animal was killed at the first day of observation. The 
complemented strain (C.∆yicS) presented a complete restoration with a global mortality rate of 
60% (n=12) and 9 animals dead in the first day (Figure 15 B). No mortality was observed for 
the negative control.  
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Figure 15. Mortality test in one-day-old chicks. Chicks infected with wild type, mutant and complementation 
strains. (A) Virulence test of yadC in each strain (B) Virulence test of yicS in each strain. No statistical difference 
was found between any of mutants and wild type strain with Fischer exact  and Chi-square test.  
 
 
5.10 Systemic Infection 
 
The systemic infection assays demonstrated that mutant strain ∆yadC was 
significantly less recovered from lungs and heart when compared with the wild type strain in 
24 hpi (p < 0.05) (Figure 16 A, 16 B and 16 C). No statistical difference was observed in the 
number of CFU for any of the analyzed organs for 48 hpi.  
For ∆yicS the recovered bacteria from liver and heart was significantly lower than 
that of wild type strain (p < 0.05) (Figure 17 A, 17 B and 17 C) in the incubation period of 48 
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hpi. No significant difference was observed among the strains in 24 hpi, nevertheless it was 
lower in mutant strain compared to the wild type strain. 
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Figure 16. Systemic infection in one-day-old chicks. Chicks infected with wild, mutant and complemented strains. 
(A) infection in Lung (B) infection in Liver (C) infection in Heart. * sign represents p < 0.05 for tukey test.  
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Figure 17. Systemic infection in one-day-old chicks. Chicks infected with wild, mutant and complementation 
strains. (A) infection in Lung (B) infection in Liver (C) infection in Heart. * sign represents p < 0.05 for tukey 
test.  
 
5.11 Adhesion assays in HeLa cells 
 
Adhesion assays in HeLa cells were performed to evaluate the possible role of genes 
yadC and yicS as adhesins in strain SCI-07. If this adhesin and hypothetical protein have a role 
on the adhesion capacity of SCI-07, their expression would favor the colonization process and 
therefore the pathogenicity. Figure 18 A displays that the adhesion level of strain SCI-07 
decreased in the presence of D-mannose analog, indicating that wild type strain expresses type 
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1 fimbriae as described previously by Paiva and co-workers (2015). Moreover, strain SCI-07 
was still able to express a D-mannose-resistant adhesion under the studied conditions, presence 
and absence of D-mannose. The strain ΔyadC presented a slightly decreased ability to adhere 
to HeLa cells under both conditions (with and without D mannose analog) compared to the wild 
type. The complemented strain C.ΔyadC fully restored the adhesion capacity as the wild type 
strain. In case of mutant strain yicS, Figure 18 B indicates that it has the same adhesion ability 
as the wild type strain under both conditions: presence and absence of D-mannose analog.  
  
 
 
 
 
Figure 18. Adhesion assay (A) SCI-07, ΔyadC and C.ΔyadC (B) SCI-07, ΔyicS and C.ΔyicS in the absence and 
presence of the D-mannose analogous. 
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5.12 Invasion assays in human epithelial (Hep-2) cells  
 
The ability of mutant strains ΔyadC and ΔyicS to invade the larynx cell line human 
Hep-2 was investigated in comparison to wild type strain SCI-07. This assay showed that strains 
ΔyadC and ΔyicS had a lower number of intra-cellular bacteria recovered from Hep-2 cells in 
comparison to the wild type strain (p < 0.05) (Figure 19 A and 19 B). 
 
 
 
 
Figure 19.  Invasion capacities of studied strains in Hep-2 cell (A) Strains SCI-07,  ΔyadC and C.ΔyadC (B) 
Strains  SCI-07,  ΔyicS and C.ΔyicS. * sign represents p < 0.05 for tukey test.  
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5.13 Invasion assays in chicken embryo fibroblast (CEC-32) cells 
 
Invasion ability of the studied strains in CEC-32 cells was tested to better 
understand the key role of genes yadC and yicS. Mutant strain ΔyadC and its complemented 
strain presented the same phenotypic characteristic as the wild type strain SCI-07 (Figure 20 
A). On the other hand, ΔyicS had a lower number of intra-cellular bacteria recovered from CEC-
32 cells in comparison to the wild type strain (p < 0.05) (Figure 20 B). 
 
 
 
 
 
Figure 20: Invasion assay in CEC-32 cells. (A) Invasion capacity of the wild type strain SCI-07, ΔyadC   and 
C.ΔyadC strain. (B) Invasion capacity of wild type strain SCI-07, ΔyicS, and   C.ΔyicS. * sign represents p < 0.05 
for tukey test.  
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5.14 Survival assays in Macrophage cell line HD11 
 
The capacity of some bacteria to survive and replicate, inside macrophage can 
contribute to bacteria to evade host defenses system. Strains ΔyadC and ΔyicS were tested about 
their ability to  replicate and survive within the macrophage cells HD11.  The assay showed 
that strain ∆yadC has a lower survivability into this macrophage cell line when compared to the 
wild type strain in 3 hpi (p < 0.05). The C.∆yadC presented the same survival rate as the wild 
type strain and higher than the mutant strain at both times indicating a recovery of this 
phenotype (Figure 21 A).  Further, mutant ΔyicS presented the same survival skill as the wild 
type strain, meaning that the mutation did not decreased the survival ability of this strain in this 
type of macrophage cell line (Figure 21 B). 
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Figure 21. Survival assay in macrophage HD11 cell. (A) Assay with strains SCI07, ΔyadC and C.ΔyadC. (B) 
Assay with SIC-07, ΔyicS and C.ΔyicS. * sign represents p < 0.05 for Tukey test. 
 
 
5.15 Biofilm formation  
 
The wild type and mutant strains were evaluated for their capacity to form biofilm 
on an abiotic surface. Figure 22 A shows no difference between the strain ∆yadC and the wild 
type strain. Figure 22 B, revealed that strain SCI-07 has capacity to form biofilm on an abiotic 
surface and this capacity was significantly decreased in strain ∆yicS (p < 0.01). 
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Figure 22. Biofilm formation assay. (A) Biofilm formation for SCI-07, ∆yadC and C.∆yadC. (B) Biofilm 
formation with SCI-07, ∆yicS and C.∆yicS. ** sign represents  p < 0.01  for tukey test.  
 
 
5.16 Motility assays (swimming type) 
 
 The motility assays showed that mutant strains, ∆yadC and ∆yicS, have a 
decreased motility degree when compared with the wild type strain (p < 0.01 and p < 0.05 
respectively; Figure 23 A and 23 B).  
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Figure 23. Motility assay. (A) Motility with SCI-07, ΔyadC and C.ΔyadC. (B) Motility with SCI-07 and ΔyicS 
and C.ΔyicS. * and ** sign represents p < 0.05 and  p < 0.01 respectively, for tukey test. 
 
5.17 qRT-PCR assays for flagellar and fimbrial related genes 
 
To evaluate if the transcription of another fimbriae known to exist in strain SCI-07 
could be affected by the deletion of yadC and yicS, qRT-PCR assays for Type 1, curli and ecp 
(Escherichia coli common pilus) were performed in vitro. These tests showed that, csgA and 
ecpA were slightly increased while fimA were slightly decreased, but these difference were not 
statistical significant. The fimH gene was downregulated in strain ∆yadC (Figure 24 A) whereas 
in ∆yicS strain, the fimbrial genes were slightly upregulated compared to the wild type strain 
(Figure 24 B). 
 
Regarding motility, we evaluated transcription of flagellar genes to better 
understand if deletion of yadC and yicS could influence motility or flagellar protein expression. 
The obtained results showed that the expression of flgE and fliC (structural genes; class II and 
III respectively) were slightly decreased in strain ∆yadC when compared to wild type. On the 
other hand, the expression of flhD (global regulator; class I) and ompR (motility regulator) were 
slightly increased in the mutant strain (Figure 24 A). Further, in case of ∆yicS, the motA 
(regulator) gene was significantly reduced and other flagellar genes flgE, flhD, (structural and 
global regulator) and cyaA (regulator) were slightly decreased in this mutant strain. In addition 
fliC (structural) and ompR (outer membrane protein; motility regulator of flagellar expression) 
were upregulated in mutant ∆yicS strain compared to wild type (Figure 24 B).  
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Figure 24. Relative fold expressions of structural flagellar (fliC, flhD, flgE) and flagellar regulatory (ompR) genes 
as determined by qRT-PCR. (A) in SCI-07 and ΔyadC. (B) in SCI-07 and ΔyicS. . * and ** sign represents p < 
0.05 and  p < 0.01 respectively, for tukey test. 
0
0.5
1
1.5
2
2.5
fliC flhD cyaA ompR motA flgE fimA fimH csgA ecpA
R
el
a
ti
v
e 
fo
ld
 e
x
p
re
ss
io
n
SCI-07
∆yadC
0
0.5
1
1.5
2
2.5
fliC flhD cyaA ompR motA flgE fimA fimH csgA ecpA
R
el
a
ti
v
e 
fo
ld
 e
x
p
re
ss
io
n
SCI-07
∆yicS
B 
** 
* 
A 
67 
 
 
6. DISCUSSION 
 
To carrying this research work, two genes (yadC and yicS) detected to be under 
positive selection, which can indicate a possible relation to pathogenicity, were successfully 
deleted from APEC Swollen Head Syndrome strain (APEC strain SCI-07) using the lambda red 
technique of (Datsenko & Wanner, 2000). These mutant strains (ΔyadC and ΔyicS) were 
evaluated in in vitro and in vivo for their respective contributions to the virulence of SCI-07 
strain. 
6.1 Contribution of yadC in pathogenicity of SCI-07 strain 
 
Adhesion is a crucial step for E. coli to establish colonization on different niches 
and to infect the host’s tissues (Korea et al., 2010). This adherence ability facilitates bacteria to 
prevents the physical clearance mechanism of host immune system and engrosses bacteria in 
broaden colonization process. Even though several adhesins are associated to APEC infection 
(e. g. Type 1 fimbria, curli, ECP) (Guabiraba & Schouler, 2015), the complete mechanisms 
involved in APEC pathogenesis are not fully understood yet. The role of Yad-fimbria mediated 
adhesion appears to be discreet between pathogenic and non-pathogenic E. coli (Chingcuanco 
et al., 2012; Korea et al., 2010). In an O15:H7 E. coli strain, it was determined that Yad fimbria 
contribute to adhesion process (Chingcuanco et al., 2012). Fimbria Yad was also required for 
adherence to bladder epithelial cells (UM-UC-3) in uropathogenic E. coli (UPEC) (Spurbeck et 
al., 2011) and to Caco-2 cells in EHEC under stress conditions (Chingcuanco et al., 2012). In 
this work, deletion of yadC, which is responsible for the expression of adhesive tip from Yad 
fimbria, and the evaluation of its influence on several mechanisms related to pathogenic 
process, made great insights on the contribution of this adhesin to APEC pathogenesis.  
 The bacterial growth curve obtained for the deleted strain showed no difference 
when compared to the wild type strain curve, indicated that the differences obtained on the tests 
applied herein to yadC mutant was due to the deletion of gene only not by any decrease or 
increase on growth rates of the bacteria. 
Evaluation of the expression of yadC when bacteria was cultivated on avian 
temperature (41ºC) and when the RNA were extracted from internal organs of the chicken (lung 
and spleen) revealed a higher expression level in both conditions, compared to the expression 
level of yadC under laboratorial conditions (LB, 37°C). This result indicates that it might play 
an important role in SCI-07 virulence. The yadC was highly expressed in lungs, which 
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designates that the fimbria Yad shows a key role in APEC during the initial stages of the 
infection.  
According to the present avian colibacillosis pathogenesis proposed model, the 
colibacillosis disease commonly starts as a respiratory infection that develops to generalize in 
later stages and spread bacteria to inner organs (Guabiraba & Schouler, 2015). The higher yadC 
expression in lungs than in spleen suggests that, this adhesin would play a more intense role in 
the earlier steps of the infection mainly influencing the adhesion process. Moreover, the 
decreased ability of mutant strain ΔyadC to survive into macrophages at 3 hpi indicates that the 
presence of these fimbriae in the wild type strain would hamper the initial macrophage 
recognition, facilitating bacterial spreading inside the host body and further septicemic 
development of the infection. This would cause, in the mutant fimbriae less strain, a decreased 
initial mortality rate. 
In a previous work it was found that the capacity of biofilm formation related with 
fimbria Yad was more prominent at lower (30°C) than with higher (37°C) temperatures, with 
an expected constant Yad expression (Korea et al., 2010). This hypothesis would suggest that 
fimbria Yad functions better at lower than at higher temperatures, similarly as to the 
Temperature sensitive hemagglutinin (Tsh) (Provence & Curtiss, 1994). In the present work, 
the component of a yad gene cluster (yadC) was upregulated at higher temperature in a similar 
fashion as it was reported in another work for Yad components (ecpD-htrE) (Raina et al., 1993). 
It might be possible that higher transcription of yadC in an assumed less effective product could 
be a way to keep control the efficiency and quantity of final function. However, at the normal 
temperature mutant of yadC did not show any difference in biofilm formation to the wild type 
strain therefore we could not assume that mutant of yadC is able to increase or decrease the 
capacity of biofilm formation on the lower temperature. 
Many APEC and UPEC shares genetic elements (Maluta et al., 2014b) which led 
to an adaptation on causing extra-intestinal diseases. In this work, the Yad fimbria of the APEC 
strain herein studied followed the same trend that was found with UPEC, contributing in 
adhesion. Since adhesion plays a crucial role in bacterial colonization and disease progression 
it might be possible that the disease causing E. coli strains shows additional features that is 
absent in the commensal E. coli strains, which mediates Yad-associated adhesion.  
Conversely, the role of E. coli adhesins on the internalization into eukaryote cell 
lines is under argument (Gophna et al., 2001a). Expression of Curli fimbriae, at high levels, 
was able to mediate the internalization of a uropathogenic E. coli into bladder cell lines (Gophna 
et al., 2001a). Also, the expression of adhesin AfaD/DraD was suggested to partially facilitate 
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the internalization of bacteria into HeLa cells (Jouve et al., 1997). This work showed that the 
mutant ΔyadC strain was less invasive in human epithelial cells (Hep-2). It is not possible to 
affirm if Yad has a crucial role in internalization or the increased invasion is secondary to 
increased adhesion.  
After numerous physical obstructions, bacterial pathogens need conquer the innate 
host defense in order to produce disease. In this perspective, the ability of bacteria to survive 
into macrophages is an advantage for pathogenic E. coli. Previously, it was demonstrated that 
the deletion of a gene encoding a DNA-binding protein of APEC (rstA) had a role in 
diminishing the ability to survive in avian macrophage cell lines (HD-11) (Gao et al., 2015). 
Similarly, the present work showed that Yad fimbria increased the survival in macrophages in 
3 hpi but not 18 hpi. This aspect was expected since the battle between APEC and avian 
macrophages is supposed to take place at the beginning of the infection process. 
According to Lane et al. (2007) flagellar motility can be modulated by fimbrial 
expression. It was shown in an UPEC strain that a mutant lacking genes encoding type 1 (fim) 
and P (pap) fimbriae presented slight reductions in motility when compared to the wild type 
strain (Lane et al., 2007). The similar consequence was also found in the present work where 
the ΔyadC strain was less motile than the wild type. However, the diminish in motility of the 
mutant strain was not occurred by a powerful downregulation of flagellar genes. A parallel 
finding was observed with an enterotoxigenic E. coli (ETEC). In this context, an isogenic ΔfaeG 
strain (faeG encodes the major subunit of F4 fimbriae) did not present a changed motility level, 
but it presented upregulation of fliC gene (encoding the major flagellin protein), when compared 
with the wild type (Zhou et al., 2013). This information suggests that the level of flagellar genes 
transcription does not always correspond to the degree of bacterial motility. 
Taken together, these results suggests that the fimbrial adhesin YadC plays a role 
in adhesion, internalization and motility of the APEC strain herein studied and contributes with 
the pathogenicity of it, particularly in the beginning of the infection process as was 
demonstrated by mortality test. 
 
6.2 Contribution of yicS in pathogenicity of SCI-07 strain 
The understanding of the phenotypic changes obtained by the deletion of yicS 
represents a great challenge, once the gene encodes for an undescribed protein. Considering the 
few information available about yicS gene product, the use of web-software that can predict the 
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proteins structure, subcellular localization and genes interaction, represents a way to starts to 
unveil the gene function, in addition to the experimental tests herein applied. 
The in silico analysis discloses that yicS could be an exporter or putative transporter 
protein localized on the periplasmic space of the inner and outer membrane of E. coli. The 3D 
model predicted obtained by the Swiss model software, revealed that YicS has a protein binding 
region correspondent to the initial portion of the protein, which is followed by a helix region. 
The protein model also, showed a disulfide bond. The disulfide bonds plays an important role 
in the folding and stability of some secreted proteins to the extracellular medium (Sevier & 
Kaiser, 2002). Thus, the presence of these disulfide bonds would reinforce the prediction of 
YicS to be an exporter protein.  
According to the chromosome localization, there is a possibility of YicS to interact 
to NlpA (liprotein-28), which is an inner membrane lipoprotein in E. coli. In a study conducted 
by Chanyangam et al. (1991), a Haemophilus influenza b (Hib) membrane protein, 70% 
identical to NlpA of E. coli, presented the less frequency of invasion in infant rats caused by 
the isogenic mutant relative to those caused by the wild-type strain. Lower invasiveness of 
intracellular counts of the mutant yicS strain was also observed in both cell types (avian 
fibroblast CEC-32 and human epithelial Hep-2) relative to wild type. This result could be 
possible because the lack of yicS might prevent the expression of other pathogenic related genes 
or can block the translocation of some protein that is certainly important for bacteria to invade 
the host epithelial cell. In this way, the deletion of gene yicS can change the virulence of a strain 
acting in a second plan, by the changes caused on NlpA expression, observed for an 
Enterotoxigenic E. coli (ETEC) strain where NlpA can interfere in the expression of heat-
labile-toxin and consequently result for ETEC virulence, it supposed to occur by alteration of 
the biogenesis of outer membrane vesicles that contain ETEC heat-labile toxin (Bodero et al., 
2007). 
Motility ability, which can be considered a pathogenic characteristic in APEC 
strains, was decreased due to deletion of yicS. The analysis of the expression of genes involved 
in flagella motility and biogenesis showed a downregulation of the genes motA and a super-
expression of fliC in ΔyicS strain. Furthermore, a general decreased of the expression of several 
flagellar genes analyzed (flhD, cyaA, flgE) were observed. The results obtained demonstrated 
that could be possible that yicS, somehow, regulate the flagellar genes expression and deletion 
of yicS might be inhibiting the export and assembly of some genes that is specifically essential 
for the flagellum motility. Similar consequence was also observed for a Salmonella 
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typhimurium strain, where deletion of flagellum export protein FlgN results in a reduction in 
the number of flagella possessing filaments (Fraser et al., 1999).  
The yicS mutant did not affect the growth rate, but reduced the biofilm formation. 
Bacterial biofilms are structural communities embedded in a self-produced exopolysaccharide 
matrix on biotic and abiotic surfaces that supports in persistence of bacteria and enhances their 
ability to cause diseases (Costerton et al., 1999).  Our results indicated that the yicS gene was 
able to strengthen the ability of wild strain to biofilm formation. The decrease of biofilm 
formation in mutant strain would possible due to deletion of yicS, which might caused changes 
in the lipid profile of the cell membrane, or because this gene could play a regulatory role in 
the process of biofilm formation, or perhaps, because YicS can export a protein involved in 
biofilm formation. Another possibility to defective in biofilm formation could be the desert 
motility in mutant yicS strain since motility is considered to involve in biofilm establishment 
(de Pace et al., 2011). 
  
In the present study, we found that the mutant strain yicS caused less mortality, 
started with zero death at the first day of infection and reached 25% during the seven days, 
which was comparatively 30% less than the wild type strain. Further, we found that the exporter 
protein YicS contributes to pathogenicity of the APEC during the systemic infection.  The 
obtained results indicated that the loss of yicS decreased the colonization and spread capacities 
of bacteria in the liver and heart during the infection for tests performed 48 hpi, these organs 
are the secondary sites of infections. However, in the lung, which is the primary site of infection, 
according to our experimental model, the mutant counts were similar as wild type at both 
assessed times.  
In this study, we demonstrated, that the yicS was expressed in vitro and in vivo and 
was involved in the bacterial capacity for invasion in cultivated cells, motility and biofilm 
formation and also influences the virulence as well as it was involved in animal systemic 
infection of day-old chicks’ model. These properties are important for the development of the 
disease, suggesting that yicS is important in the pathogenesis of SCI-07, even if only in an 
indirect manner. Moreover additional experiments are necessary to determine the fully 
mechanism of action and the exactly function of yicS. 
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7. CONCLUSION 
 
In conclusion, our study provided that yadC and yicS plays a role in pathogenicity 
of APEC. We obtained that the yadC gene expresses fimbrial adhesin protein that showed 
temperature modulation and its expression in SCI-07 strain influenced the motility, adhesion, 
survival, invasion, and pathogenicity especially in initial stages of infection. The yicS gene, 
which expresses exporter protein, presented a significant role in biofilm formation, motility, 
invasiveness to CEC-32 and Hep-2 cells and for APEC pathogenicity in day-old-chick model.  
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ANNEXURE 
Fimbria-Encoding Gene yadC Has a Pleiotropic Effect on Several
Biological Characteristics and Plays a Role in Avian Pathogenic
Escherichia coli Pathogenicity
Renu Verma,a Thaís Cabrera Galvão Rojas,a Renato Pariz Maluta,a Janaína Luisa Leite,a Livia Pilatti Mendes da Silva,a
Gerson Nakazato,b Wanderley Dias da Silveiraa
Department of Genetics, Evolution, and Bioagents, Institute of Biology, University of Campinas—UNICAMP, Campinas, SP, Brazila; Department of Microbiology, Biological
Science Center, University of Londrina—UEL, Londrina, PR, Brazilb
The extraintestinal pathogen termed avian pathogenic Escherichia coli (APEC) is known to cause colibacillosis in chickens. The
molecular basis of APEC pathogenesis is not fully elucidated yet. In this work, we deleted a component of the Yad gene cluster
(yadC) in order to understand the role of Yad in the pathogenicity of the APEC strain SCI-07. In vitro, the transcription level of
yadC was upregulated at 41°C and downregulated at 22°C. The yadC expression in vivo was more pronounced in lungs than in
spleen, suggesting a role in the early steps of the infection. Chicks infected with the wild-type and mutant strains presented, re-
spectively, 80% and 50% mortality rates. TheyadC strain presented a slightly decreased ability to adhere to HeLa cells with or
without the D-mannose analog compared with the wild type. Real-time PCR (RT-PCR) assays showed that fimH was downregu-
lated (P< 0.05) and csgA and ecpA were slightly upregulated in the mutant strain, showing that yadC modulates expression of
other fimbriae. Bacterial internalization studies showed that theyadC strain had a lower number of intracellular bacteria re-
covered from Hep-2 cells and HD11 cells than the wild-type strain (P< 0.05). Motility assays in soft agar demonstrated that the
yadC strain was less motile than the wild type (P< 0.01). Curiously, flagellum-associated genes were not dramatically down-
regulated in theyadC strain. Taken together, the results show that the fimbrial adhesin Yad contributes to the pathogenicity
and modulates different biological characteristics of the APEC strain SCI-07.
Avian pathogenicEscherichia coli (APEC) strains cause a varietyof extraintestinal infections in poultry collectively known as
colibacillosis (1, 2). Although the complete mechanisms of APEC
pathogenicity are not fully elucidated, it is believed that colibacil-
losis starts with colonization of the host’s upper respiratory tract,
with the bacterium expressing one or more colonization factors
known as adhesins (3). The infection can subsequently spread into
the lungs and other inner organs, leading to a fatal septicemia (1, 4,
5). Among the known APEC adhesins, those more studied are the
type 1 fimbriae, P fimbriae, and curli fimbriae, respectively (6).
Besides their roles in the adhesion and subsequent coloniza-
tion of environmental surfaces, those fimbriae are assumed to be
essential for the establishment of a host-parasite relationship and
further disease progression (7). Both type 1 and curli fimbriae play
important roles in the initial bacterial colonization of the respira-
tory epithelium (1, 8), while P fimbriae (9) are important for later
stages of infection (1).
In addition to the fimbriae mentioned above, E. coli possesses
several other fimbrial operons (i.e., Yad, Ycb, Ybg, Yfc, Yra, Sfm,
Ygi, and Yeh) that display sequence and organizational homolo-
gies to type 1 fimbria and could contribute to E. coli’s ability to
adhere to and colonize the host epithelia (10, 11).
The adhesion operon Yad is composed of seven genes, yadN
(major subunit), ecpD (usher), htrE (chaperone), yadMLK (minor
subunits), and yadC (adhesive tip) (12). The fimbria Yad is more
prevalent among uropathogenic E. coli (UPEC) than commensal
E. coli strains and contributes to the adherence to bladder epithe-
lial cells and biofilm formation (10). Moreover, it was demon-
strated that yadK is important for adhesion of acid-stressed en-
terohemorrhagic Escherichia coli (EHEC) to epithelial cells,
increasing bacterial colonization and virulence (12).
In APEC strain O78, the deletion of yadL has suggested that the
fimbria Yad has a subtle but positive contribution to APEC viru-
lence (13). Furthermore, in silico analyses performed by our re-
search group (unpublished data) with 12 E. coli genomes, includ-
ing five APEC genomes, revealed that yadC is under positive
selection. This suggests the involvement of the fimbria Yad in the
host-parasite interactions.
To better understand the role of Yad fimbria in APEC biolog-
ical characteristics and pathogenicity, we deleted yadC in an APEC
swollen head syndrome strain (SCI-07) and studied its effects
comparing both the wild type and the isogenic mutant through
comprehensive in vitro and in vivo assays.
MATERIALS AND METHODS
Bacterial strains and growth conditions. APEC strain SCI-07 (ONT:
H31) was isolated from a laying hen diagnosed with swollen head syn-
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drome. Its genome is available in GenBank (accession no. CP000468.1)
(14). The strains were cultured in LB or Dulbecco’s modified Eagle’s me-
dium (DMEM) at 37°C with appropriate antibiotics when necessary (Ta-
ble 1). All of the animal experimental protocols were approved by the
Ethics Committee of Animal Use-CEUA-UNICAMP (protocol no.
2669-1; Brazilian law no. 11794).
RNA extraction. Total RNA of strain SCI-07 was extracted from LB
(in vitro) as well as from lungs and spleen of day-old infected chicks. For in
vitro RNA extraction, culture was grown in LB at 22, 37, or 41°C until
reaching an optical density at 600 nm (OD600) of 0.5 to 0.6. Afterwards,
RNA was extracted using the “RNAeasy minikit” (Qiagen). For in vivo
assays, an inoculum of 0.1 ml was injected into the right air sac of five
1-day-old chicks. After 24 h postinfection (hpi), the left lung and spleen
were removed and homogenized in 1 ml TRIzol solution (Ambion). RNA
was extracted using the Purelink RNA minikit (Ambion, Life Technolo-
gies).
Relative expression of yadC in SCI-07 by qRT-PCR. Real-time PCR
(RT-PCR) was performed to quantify the transcription of yadC in LB at
different temperatures (22, 37, and 41°C). Primers for quantitative RT-
PCR (qRT-PCR) were constructed with Primer Express software version
3.0 (Applied Biosystems) (see Table S1 in the supplemental material),
using the SCI-07 genome as the template. The qRT-PCR experiments
were performed as described previously (15). RNA polymerase subunit A
(rpoA) was used as the endogenous control (see Table S1). Data were
normalized based on the transcription level of rpoA in the wild type and
then analyzed using the comparative critical threshold cycle (CT) method
described by Walters and Sperandio (16).
Deletion of yadC. The yadC strain was constructed following the
methodology described by Datsenko and Wanner (17). To replace gene
yadC by homologous recombination, a chloramphenicol (Cm) cassette
from pKD3 was amplified, and strain SCI-07, harboring the  red plasmid
pKD46, was transformed by electroporation as described by de Paiva et al.
(15). TheyadC deletion was confirmed by PCR using primers F-yadC 1,
R-yadC 2 (internal), F-yadC 3, and R-yadC 4 (external) (see Table S1 in
the supplemental material).
Construction of the yadC complemented strain. For construction of
a complemented strain, yadC (1,263 bp), along with its promoter, was
cloned into the cloning vector pACYC177. Using primers F-C.yadC and
R-C.yadC (see Table S1 in the supplemental material), a fragment con-
taining gene yadC and the enzyme DraIII and HindIII restriction sites was
amplified and purified. The fragment was then ligated to plasmid
pACYC177 DraIII and HindIII restriction sites. The recombinant plasmid
was electroporated into competent cells of strain DH10 (15). Positive
colonies were tested for the presence of yadC by PCR using the same
complementation primers. The resulting plasmid, pACYC177-yadC, was
isolated from strain DH10 and then transformed into competent cells of
the yadC strain to make the C.yadC strain.
qRT-PCR assays for adhesion- and motility-related genes. Bacterial
cultures of wild-type, mutant, and complemented strains were aerobically
grown until they reached an OD600 of 0.5 to 0.6. RNA from three biolog-
ical samples was extracted using the RNAeasy minikit (Qiagen). Real-time
PCR assays were performed to quantify the transcription of bacterial
genes related to adhesion (fimH, csgA, and ecpA) and motility (fliC, flhD,
and flgE) and the motility modulator ompR in each strain. Primers were
designed (see Table S1 in the supplemental material) and qRT-PCR ex-
periments were performed as described previously (6).
Bacterial adhesion to HeLa cells. The SCI-07, yadC, and C.yadC
strains were evaluated for their ability to adhere to HeLa cells in the pres-
ence (1%) and absence of the D-mannose analog. E. coli strains O164
(enteroinvasive E. coli [EIEC]) and HB101 were used as positive and neg-
ative controls, respectively. Monolayers of HeLa cells were grown in
DMEM containing 10% fetal bovine serum (FBS) at 37°C in a 5% CO2
incubator until they reached confluent growth. These incubation condi-
tions were used for all eukaryotic cell lines. HeLa cells were infected with
10l of bacterial inocula at a concentration of 107 CFU/ml in triplicate in
24-well plates as described previously (6). The obtained suspension was
diluted 1- to 10-fold and plated onto MacConkey agar (MAC) containing
100 g ml1 streptomycin (Sm) for colony-forming unit determination.
Bacterial invasion of human epithelial Hep-2 cells. The invasion
abilities of the three studied strains were assessed in vitro with cultured
Hep-2 cells following the methodology described by Scaletsky et al. (18).
E. coli strains O164 (EIEC) and DH5 were used as positive and negative
controls, respectively. A volume of 10 l of a bacterium–phosphate-buff-
ered saline (PBS) suspension (107 CFU/ml) was inoculated onto mono-
layers of Hep-2 cells in triplicate. Each well was filled with DMEM and
10% FBS up to 1 ml and incubated for 3 h. The extracellular bacteria were
removed by washing the cells twice with PBS. Cells were replenished with
fresh DMEM containing 20 mg ml1 of ampicillin (Amp) for the wild-
type and mutant strains and 25 mg ml1 of kanamycin (Km) for the
complementation strain and then incubated for another 3 h. Afterwards,
cells were washed with PBS and lysed with subsequent colony-forming
unit determination.
Bacterial survival in HD11 macrophage cells. For the macrophage
bacterial survival assay, HD11 chicken macrophage cells (19) were in-
fected with the wild-type, yadC, and C.yadC strains. Salmonella en-
terica serovar Typhimurium STM-F98 and E. coli HB101 were used as
positive and negative controls, respectively. A volume of 10 l of bacteri-
um-PBS suspension (107 CFU/ml) was inoculated onto monolayers of
HD11 cells in triplicate. Each well was filled with RPMI 1640, supple-
mented with 2 mM glutamine and 10% FBS up to 1 ml, and incubated for
1 h. The extracellular bacteria were removed by washing the plate with
PBS. After this, 1 ml of the glutamine-FBS-RPMI medium containing 20
mg ml1 Amp for wild-type and mutant strains and 25 mg ml1 of Km for
the complemented strain was added to each well and incubated for 3 h or
TABLE 1 List of strains and plasmids used in this work
Strain or plasmid Relevant genotype Source or reference
Strains
SCI-07 APEC strain isolated from lesions of a laying hen
presenting clinical signs of swollen head syndrome
Our laboratory
DH10 E. coli K-12 strain Our laboratory
HB101 E. coli K-12 strain Our laboratory
DH5 E. coli K-12 strain Our laboratory
EIEC strain Enteroinvasive E. coli O164 strain Laboratory of UEL, Londrina, Brazil
STM-F98 Salmonella Typhimurium Laboratory of Ornithopathology, FCAV-UNESP, Jaboticabal, Brazil
Plasmids
pKD3 cat gene Datsenko and Wanner (17)
pKD46 Ampr-expressing  red recombination Datsenko and Wanner (17)
pACYC177 Cloning vector New England Biolabs
Verma et al.
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18 h. Then the plate was washed 3 times with PBS, and cells were lysed with
1% Triton X-100. The lysed cell suspension was used for colony-forming
unit determination.
Motility assay. Cultures of each strain grown overnight in LB broth
were stabbed into the center of LB– 0.3% agar plates. The agar plates were
incubated at 37°C and motility (in centimeters) was measured after 6, 8,
and 10 h.
Bacterial growth assay. Overnight-incubated cultures (LB broth) of
the SCI-07, yadC, and C.yadC strains were diluted in LB as well as in
DMEM (1:100) and grown at 37°C with agitation of 150 rpm. Optical
densities of each bacterial culture were monitored spectrophotometrically
at 600 nm every 30 min for 6 h.
In vivo mortality test. Cultures from the SCI-07, yadC, and
C.yadC strains were grown (LB medium) at 37°C for 24 h. Briefly,
groups of 20 birds for each strain were inoculated in the right thoracic air
sac with 0.1 ml of a suspension containing 109 CFU or with 0.1 ml of PBS
as negative control (15). Birds were observed every 12 h up to 7 days after
inoculation, and the numbers of deaths were recorded as described by
Antão et al. (20).
Systemic infection. The group of three 1-day-old chicks for each
strain (the SCI-07, yadC, and C.yadC strains) was infected with 0.1 ml
of a suspension containing 108 CFU, in the right thoracic air sac. At 24 and
48 hpi, chickens were euthanized. Afterwards, samples of the lung, liver,
and heart were homogenized, and colony forming unit determination was
performed as described previously (15).
Statistical analysis. For statistical analysis, qRT-PCR, motility assays,
and agar plate counting experiments were performed in triplicate. Statis-
tical analysis was performed by analysis of variance (ANOVA), with
Tukey’s test, using ASSITAT software version 7.7.
RESULTS
Transcription level of gene yadC changed according to different
temperatures. The transcription of gene yadC in strain SCI-07
was verified in vitro and in vivo by qRT-PCR. The transcription
level of gene yadC was found to be upregulated, by almost 4-fold,
when the strain was cultivated at the highest temperature (41°C),
which is the usual temperature of chicken bodies, comparing to
the incubation at 37°C. On the other hand, it was downregulated,
by 0.2-fold, when the strain was cultivated at room temperature
(22°C) (Fig. 1A). In vivo, the transcription of gene yadC was up-
regulated in lungs and spleen compared to its transcription in LB
culture (37°C) (Fig. 1B). When comparing lungs and spleen, yadC
expression was more pronounced in lungs.
The bacterial growth assay performed with the wild-type, mu-
tant, and complemented strains showed the same trend, suggest-
ing that YadC does not play a role in this APEC strain growth (see
Fig. S1 in the supplemental material).
Deletion of yadC effects in SCI-07 pathogenicity and intra-
body survival. To verify if gene yadC could play a role in the
virulence of strain SCI-07, as suggested by the previous transcrip-
tion assays, in vivo mortality assays were performed. Chicks in-
fected with the wild-type strain (SCI-07) presented an 80% mor-
tality rate (n 16), with 11 animals being killed at the first day of
observation. The mutant (yadC) strain presented overall a 50%
mortality rate (n 10) during the 7 days of experimentation, with
only 8 of the chicks being killed at the first day of observation. The
complemented (C.yadC) strain presented a complete restora-
tion and increased virulence levels with a global mortality rate of
90% (n 18) and 14 animals dead on the first day. No mortality
was observed for the negative control (data not shown) (Fig. 2).
Moreover, the systemic in vivo infection assays demonstrated
that less of the yadC strain was recovered from lungs and heart
than the wild-type strain 24 hpi (P	 0.05) (Fig. 3A, B, and C). No
statistical difference was observed in the number of colony-form-
ing units for any of the analyzed organs 48 hpi.
Role of yadC in bacterial adhesion. In order to better under-
stand if yadC absence affects the initial infection processes, we
performed biological tests, including an adhesion assay with HeLa
cells in the presence and absence of the D-mannose analog. The
adhesion studies showed that the adhesion levels of the wild-type
strain decreased in the presence of the D-mannose analog, indicat-
ing that strain SCI-07 expresses type 1 fimbriae as previously de-
scribed (15). Moreover, strain SCI-07, under these conditions,
was still able to express a D-mannose-resistant adhesin, suggesting
the expression of another type of fimbria. The yadC strain, with
FIG 1 Relative fold expression of yadC by strain SCI-07, as determined by qRT-PCR. All levels were based on the comparison with the transcriptions in LB at
37°C. (A) In vitro (LB) at 22, 37, and 41°C. (B) In vivo (lung and spleen). One asterisk indicates statistical significance at P 	 0.05, and two asterisks indicate
significance at P	 0.01.
Role of Yad in APEC
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the same experimental assays, presented a slightly decreased abil-
ity to adhere to HeLa cells under both conditions (with and with-
out D-mannose analog) compared with the wild type. This sug-
gests that yadC plays a modest direct role in APEC adhesion and
may be involved in the regulation of type 1 fimbriae (Fig. 4A). The
remaining adhesion capacity of the SCI-07 and yadC strains ei-
ther in the presence or in the absence of the D-mannose analog
could be due to the possible expression of other adhesins that
might exist in strain SCI-07.
To evaluate if the transcription of other fimbriae known to
exist in strain SCI-07 could be regulated by gene yadC, the qRT-
PCR assays for type 1, curli, and E. coli common pilus (ECP) were
performed in vitro. These tests showed that csgA and ecpA were
slightly increased without statistical significance, but fimH was
downregulated in the yadC strain (Fig. 5).
Deletion of yadC also affects the APEC strain ability to in-
vade Hep-2 cells. The invasion ability of the mutant strain in
Hep-2 cells was tested to help us better understand the key role
gene yadC plays in the yadC strain’s virulence attenuation. This
assay showed that the yadC strain had a lower number of intra-
cellular bacteria recovered from Hep-2 cells than the wild-type
strain (P	 0.05) (Fig. 4B).
Replication and survival of strain SCI-07 inside macrophage
cells was compromised by yadC deletion. The capacity of some
pathogenic bacteria to survive and replicate inside macrophages
indicates an increased ability to evade host defenses. To test if
yadC contributes to this process, the ability of theyadC strain to
replicate and survive within the HD11 macrophage cells was
tested. The assay showed that the yad mutant had lower surviv-
ability in this macrophage cell line than the wild-type strain 3 hpi
(P	 0.05) (Fig. 6).
Deletion of gene yadC affects motility. The motility assays
showed that the yadC mutant strain has a decreased motility
degree compared with the wild-type strain (P	 0.01) (Fig. 7). To
better understand how an alteration in expression of fimbria Yad
could influence motility or flagellar protein expression in the mu-
tant strain, qRT-PCR analysis was performed to quantify the rel-
ative transcription of structural and regulator flagellar genes in all
studied strains.
The obtained results showed that the expression levels of flgE
and fliC (structural genes; class II and III, respectively) were
slightly decreased in the yadC strain compared to the wild-type
strain. On the other hand, the expression of flhD (global regulator;
class I) and ompR (motility regulator) was slightly increased in the
mutant strain (see Fig. S2 in the supplemental material).
DISCUSSION
Escherichia coli’s ability to establish colonization in several differ-
ent niches and to infect the host’s surfaces depends first on its
ability to adhere, which prevents physical clearance mechanisms
and engages the bacteria in a further colonization process. Many
putative adhesins have been reported and their roles studied in
distinct E. coli pathotypes. The Yad-encoding gene cluster has
been associated with adhesion in an O157:H7 E. coli strain (12). In
the present work, we showed the role of this gene in an avian
pathogenic E. coli (APEC) strain.
Because yadC was upregulated both at the avian host regular
temperature and in in vivo assays, it could play an important role
in SCI-07 virulence. The high expression of yadC in lungs indi-
cates that the fimbria Yad plays a role in APEC during the initial
FIG 2 Mortality test in day-old chicks infected with 109 CFU of wild-type
(SCI-07), mutant (yadC), and complemented (C.yadC) strains.
FIG 3 Bacterial recovery of wild-type (SCI-07), mutant (yadC), and complemented (C.yadC) strains from the lungs (A), liver (B), and heart (C) after
infection with 108 CFU of bacteria. Different letters indicate statistical difference (P	 0.05).
Verma et al.
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steps of the infection. Moreover, this effect would not be a conse-
quence of an increased number of bacteria once the mutant pre-
sented the same bacterial growth as the wild-type and comple-
mented strains.
In a previous work, the biofilm formation capacity associated
with the fimbria Yad was more pronounced at lower (30°C) than
higher (37°C) temperatures, with an assumed constant level of
Yad expression (11). This would indicate that the fimbria Yad
works better at lower than higher temperatures, similarly to the
temperature-sensitive hemagglutinin (Tsh) (21). The in vitro up-
regulation at higher temperatures of a yad gene cluster component
(yadC) found in the present work was also detected in other yad
components (ecpD-htrE) in another work (22). Admitting that
biofilm formation is a pathogenicity-related process, the higher
transcription of an assumed less effective product could be a way
of balancing the ratio of efficiency to quantity in order to keep a
constant final function.
In the current proposed model of avian colibacillosis patho-
genesis, the respiratory tract is colonized first, with subsequent
spread of the pathogenic bacteria to the inner organs (23). The
higher yadC expression in lungs than in spleen suggests that this
adhesin would play a more intense role in the earlier steps of the
infection mainly influencing the adhesion process. Moreover, the
FIG 4 (A) Adhesion of wild-type (SCI-07), mutant (yadC), and complemented (C.yadC) strains to HeLa cells. Although adhesion levels were decreased, no
statistical differences were found among the wild-type, mutant, and complemented strains. (B) Invasion of wild-type, mutant, and complemented strains into
Hep-2 cells. Different letters indicate statistical difference (P	 0.05).
FIG 5 Relative fold expression of fimbrial fimH, csgA, and ecpA genes as de-
termined by qRT-PCR in wild type (SCI-07) and mutant (yadC) strains. An
asterisk indicates statistical significance at P	 0.05.
FIG 6 Bacterial survival in avian macrophage cells (HD11) infected with the
wild-type (SCI-07), mutant (yadC), and complemented (C.yadC) strains.
Infected macrophages were lysed at 3 or 18 h postinfection, and the numbers of
bacteria were determined in triplicate. An asterisk indicates statistical signifi-
cance at P	 0.05.
Role of Yad in APEC
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decreased ability of the yadC mutant strain to survive in macro-
phages at 3 hpi indicates that the presence of these fimbriae in the
wild-type strain would hamper the initial macrophage recogni-
tion, facilitating bacterial spreading inside the host body and fur-
ther septicemic development of the infection.
Although several adhesins are associated with APEC (e.g., type
1 fimbria, curli, and ECP) (23), the complete mechanisms in-
volved in APEC pathogenesis are poorly understood. The roles of
Yad-mediated adhesion seem to be distinct between pathogenic
and nonpathogenic E. coli. In the laboratory strain K-12, Yad does
not promote adherence to A549, T24, HeLa, and Henle cells but
increases biofilm formation (11). On the other hand, Yad is re-
quired for adherence to bladder epithelial cells (UM-UC-3) in
uropathogenic E. coli (UPEC) (10) and to Caco-2 cells in EHEC
under stress conditions (12). Many APEC and UPEC strains share
genetic determinants (24) that led to a specialization in causing
extraintestinal diseases. The Yad fimbria of the APEC strain tested
in this work followed the same trend found with UPEC, contrib-
uting to adhesion. Due to the crucial role of adhesion for bacterial
colonization and disease progression, it is possible that pathogenic
E. coli presents further traits absent in commensal strains that
mediate Yad-associated adhesion.
The role ofE. coli adhesins in the internalization into eukaryote
cell lines is under debate. Expression of curli fimbriae at high levels
was able to mediate the internalization of a uropathogenic E. coli
strain into bladder cell lines (25). Also, the expression of adhesin
AfaD/DraD was suggested to partially mediate the internalization
of bacteria into HeLa cells (26).This work showed that the mutant
yadC strain was less invasive in human epithelial cells (Hep-2). It
is not possible to confirm if Yad has a crucial role in internalization
or if the increased invasion is secondary to increased adhesion.
After physical barriers, bacterial pathogens must overcome the
innate host defense in order to produce disease. In this context, the
ability to survive in macrophages is an advantage for pathogenicE.
coli. It was previously demonstrated that the deletion of a gene
encoding a DNA-binding protein of APEC (RstA) had a role in
diminishing the ability to survive in avian macrophage cell lines
(HD11) (27). The present work showed that Yad increased the
survival in macrophages 3 hpi but not 18 hpi. This fact was ex-
pected since the battle between APEC and avian macrophages is
supposed to take place at the beginning of the infection.
Flagellar motility can be modulated by fimbrial expression. In
UPEC, it was shown that a mutant lacking genes encoding type 1
(fim) and P (pap) fimbriae presented slight decreases in motility
compared to the wild-type strain (28). This was similar to the
present work, where theyadC strain was less motile than the wild
type. However, the decreased motility of the mutant strain was not
accompanied by a significant downregulation of flagellar genes. A
similar paradox was observed with an enterotoxigenic E. coli
(ETEC) strain. In that case, an isogenicfaeG strain (faeG encodes
the major subunit of F4 fimbriae) did not present a different de-
gree of motility but presented fliC (encoding the major flagellin
protein) upregulated compared to the wild type (29). This indi-
cates that the level of flagellar gene transcription does not always
correspond to the degree of bacterial motility.
Taken together, these results suggest that the fimbrial adhesin
YadC plays a role in adhesion, internalization, and motility (all of
them basic biological bacterial characteristics) of the APEC strain
here studied and contributes to its pathogenicity, particularly in
the beginning of the infection process.
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